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Declaration of Ian MacGregor, Ph J). 
Pursuant to 37 CFJEt. § 1*132 

L Ian R. Mac Gregor, do hereby declare and say as follows: 

1 . I have a Ph.D. in Biochemistiy, fi:om University of Lxindon (King*s College 
Medical School). I am Lead Scientist (Consultant Level Research Scientist), in the Products 
& Components Research Group for the Scottish National Blood Transfusion Service, 
Edinburgh. I am involved in prion research and have authored or co-authored more than 16 
publications related to this area» A curriculum viiae is anached hcrevi^th at Appendix B. 

2. I have read and am familiar with the consents of the James et al. publication (U.S. 
Application Serial No. 2003/01622Z5) cited by the Examiner in connection with the '471 
application. 

3. James et al. discusses treatment of recombinant prion proteins and not abnormal, 
infectious proteins, which are the subjea of the present invention- It is well known thai there 
are significant strucmral diffwmces between non^al and abnormal prions, fa fact, it is these 
structural differences, which give rise to the abnormal infectious behaviour of infectious 
prion proteins. Thus, behaviour which could be ascribed to normal prion proteins could not 
be regarded as a good basis for treatment of abnoimal prion proteins. These differences are 
discussed below in greater detail. 

4. pifi^erences in properties are attribiued to differences in conformation since 
sequences and secondary stmcmres arc the same. 

It is generally accepted that the primary and secondary strucmres of normal and 
infectious prion proteins arc the same. However their physico-chemical properties are quite 
different and this is attributed to their differing tertiary structures. While both forms have a 
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• disordered N temiinus, the globular C domain of an infecdous prion protein has much more 
P-pleated sheet stmcnire ihan that of a normal prion. Conversely, normal prion protein 

; much more a-helix (Turk et aL, 1889; James et aL, 1997). These differences are reflected in 
different exposure of hydrophobic regions of the molecule and in turn in different physico- 
chemical properties. In addition, normal prion protein is soluble in non-ionic detergent while, 
in contrast, infectious prion protein is insoluble. Normal prion protein is readily digested by 

I the broad specificity proteinase K while only the N-terminus of infectious prion protein is 
degraded with the major part of the molecule remaining intact. Further evidence for 
differences in confoimatxon is given by the inability of a monoclonal antibody, 3F4, directed 
to an epitope expressed in normal prion protein, to bind to infectious prion procein. However, 
upon dcnamration of the latter, binding to 3F4 is obtained iS^.elaL^^ 998)... 

Fuitheimore, sodium phosphotungstic acid has been used to selectively precipitate 
infectious prion protein in the presence of nonnal prion protein, A 10% NaCl solution also 
will alJow enrichment of infectious prion protein from brain homogenatc OPolymenidou et oL , 

• 2002). 

5. A /most infectious particle' has been characterized and its properties can be 
distinguished fr^Tm n^fj""' P"on oroteinJo^se^ycral wavs. 

Infectious prion protein is often found in fibrils. However, recently it has been shown 
that the most infectious prion protein particles are not fibrillar but are of 17-27 nm (30&-60O 

; IdJa) while prion infectivity and prion converting activity was virtually absent in oligomers 
Of < 5 prion molecules (Silveira et al, 2005). In contrast, normal prion protein exists in 
nature mainly as a monomer althou^ some dimeric forms have also been reported (Meyer et 

j 422,, 2000). 

6. Procedures have been developed hv which the normaLprion protein can be 
converted to forms similar to infectious forms, underlining the differences. 

Piotcin misfolding cyclic amplifications has been used to convert substrate normal 
! hamster prion protein into infectious prion protein. The substrate prion was not infectious but 
the generated prion protein, which shared the properties of infectious protein regarding 
proteinase K resistance, was infectious when injected into hamsters. (Castilla et oL, 2005). 
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7. A number of wavs of discritninHting nonnal from infec rious prion have been 
devised. These illuiiiiace the differenc6$ in die properties of the two fonm. 

! Antibodies which have specificity for infectious prion protein over normal prion 

protein have been described. These utilize differences iu the confonnaiion of the two foims 
or the fact that Che former is multimeric. Peptoids and chemical ligands have been used in a 
similar way, using conditions that allow binding of infectious but not normal prion protein. 

8. Reference List 

All references listed are anadhed at Appendix C. 

\ Castaia, J., Saa, Ph., Hetz, C, & Soto, C. (2005) In vitro gaieradott of infectious scrapie 
. prions. Crf/. 121. 195-206. 

■ James. T.L., Liu, K, Ulyanov, N.B.. FarrJones, S., Zhang, H., Donne, D.G., Kaneko, K., 

• Groth, D., Mehlhom, L, Prusiner, S.B., and Cohen, RE., Solution structure of a 142-xesidue 
recombinanc prion protein corresponding to the infectious fragment of the scc^ie isofonn. 

■ Proceedings of the National Academy qf Sciences of the United States (^America. 94(19). 

• 10086-10091, 1997. 

; Meyer, R.IC, Lustig, A., Oesch, B .. Fatzer, R.,'Zuibriggea, A., and Vandevelde, M. A 
; monomer-dimer equilibriuiD of a cellulax prion protein (PrPC) not observed with recombinant 
PrP, J, BioL Chem., 275(48), 38081-38087. 2000. 

Polymenidou. M., Verghse-Nikolai, S.. Groshup, M., Chaplin, MJ., Stack. M.G., Plaitalds, 
: A. & Sklaviadis. T. (2002) A short purification process for qnantitaiive isolation of PrP^*^ 

■ from naturally occurring and experimental transmissible spongiform eacephalopaihies. 
; BMCJr^ecLDts., 2, I>8. 

j Safar, J., Wille, H., Itrri, V., Groth, t>., Serban, H., Torchia, M., Cohen, RE. & Prusiner, S.B. 
; (1998) Eight prion strains have PrPSc molecules with different conformations. Nature 
: il^e«tftfi>t<, 4, 1137-1165. 

; Silveira, J.R., Raymond, G J., Hughson, A.G., Race. R.R. Sim, V.L., Hayes, SJF., & 

• Caughey. B. (2005) The roost infectious prion protein particles. Nature, 437, 257-261. 

• Turk. E., Tcplow, D.B., Hood, L.E., &. Prusiner, S.B. (1988) Purification properties of the 

• cellular and scrapie hamster prion proteins. European Journal of Biochemistfy, 176,21-30, 
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9. I hereby declare that all statements made herein of xny own knowledge aic true 
and that all statements made on infonnation and belief are believed to be true: and further that 
these statements were made with the Icnowledge that willful false statements and the like so 
made are punishable by fme or imprisonment^ or both, under Section 1001 of Title 18 of the 
United States Code and that such willful false statements may jeopardize the validity of the 
application or any patent issued thereon. 
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Appendix B 



Brief CV: Ian Randle MacGregor 



Degrees and qualifications 

• BSc. Hons Pharmacology, University of Edinburgh 1974 

• PhD Biochemistry, University of London (King's College Medical School) 1980 

• Clinical Scientist, Health Professions Council. 

• Certificate in Continuing Professional Development (RCPath UK). 

Job History 

1999- Present: Lead Scientist (Consultant Level Research Scientist) , Products & 
Components Research Group, Scottish National Blood Transfusion Service, 
Edinburgh. Tenured post on SNBTS permanent staff establishment. 

1980- 1999: Basic Grade Scientist promoted to Senior Scientist then to Principal 
Scientist in R&D Departments of SNBTS. 

1976-1980: MRC Research Assistant at Thrombosis Research Unit, King's College 
Hospital Medical School, London. 

1974-1976: Research Pharmacologist at Weddell Pharmaceuticals, St Albans. 
Principal Elements of Present Post 

Line and Financial Manager for a department of 7 tenured Scientists, Technicians and 
Support Staff as well as grant-funded staff and visiting scientists. Main current R&D 
responsibilities are: 

• Lead SNBTS vCJD R&D Group 

• Develop methods to detect the agent of variant Creutzfeldt- Jakob disease in blood. 

• Improve storage and safety of clinical blood components. 

Principal Scientific Contributions. 

• SNBTS Principal Investigator on two current grant-funded vCJD projects and co- 
applicant on others. Previous grants funded by MRC, BHF, DH, EU etc. 

• Development and application of prion assays to blood. 

• Member of UK & Ireland Blood Services Prion Assay Working Group. 

• On Management Committee of Scottish Transmissible Spongiform 
Encephalopathies Network. 

• Establishment of pre-clinical safety evaluation methods for immunogenicity and 
thrombogenicity of new blood products. 

• Active member of British Blood Transfusion Society, American Association of 
Blood Banks, British Society for Haemostasis and Thrombosis, International 
Society on Thrombosis and Haemostasis, Scottish TSE Network. 

• Author of over 70 peer-reviewed full publications in the field of blood products 
and prion diseases, granted patents, and invited presentations at meetings e.g. of 
International Blood Transfusion Societies and Medicines Evaluation Agencies. 

• Examiner of PhDs and Master's Degrees; Supervisor for Post-graduate Degrees; 
regular referee for journals and grant applications. 
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Grants awarded on prion topics 

"Development of a conformation dependent immunoassay for the detection of 
abnormal prion protein in blood". To Drs M. Head, I. MacGregor, A. 
Williamson, G. Moroncini, M. Turner and J Ironside. 2006 - 2008 from Chief 
Scientist Office (Scotland) Value £188,172. 

"The effect of leucodepletion on transmission of BSE by transfusion of sheep blood 
components". To Drs F. Houston, C. Prowse, I. MacGregor, V. Homsey, J. 
Foster, N. Hunter, M. Turner and M. Groschup. 2005 - 2011 from UK 
Department of Health, Value £3,319,707, 

"Screening Blood for High Risk Donations". To Drs M. Clinton, D. Anstee and 1. 
MacGregor. Funded by UK Department of Health 3 years from April 2002 
Value £472,723 

"Novel Application-Specific Monoclonal Antibodies to PrP". To: Drs M. Head, I. 
MacGregor, C. Farquhar and J. Connolly. Funded by UK Department of Health 
3 years from April 2002 Value £445,540 

"A study of normal and abnormal isoforms of prion protein in the peripheral blood 
and tissues of patients with variant Creutzfeldt Jakob disease". To Drs M Turner, 
I MacGrergor, R Barclay, M Head and J Ironside. From Chief Scientist Office 
(Scotland). June 2001 -May 2003. Value £145,600. 

"Assessment and improvement of selected technologies to remove or inactivate TSE- 
causing agents (prions)". I MacGregor for SNBTS and with Dutch BTS, Finnish 
Red Cross and commercial collaborators. From EU CRAFT, January 1999 - 
December 2001. Value 500,000 Euro. 

"The effect of leucocyte depletion on the generation and removal of microvesicles and 
prion protein in blood components" M Turner, 1 MacGregor, C Prowse, L 
Williamson, P Krailadsiri, J Seghatchian, D Anstee, T Barrowcliffe. From 
Department of Health, Jan 1999 - July 2001. Value £240,000. 

Publications on prion topics: 2000 to date> 

Starke R., Mackie I., Drummond O., MacGregor I., Harrison P., Machin, S. Prion 
protein (PrPc) in patients with renal failure. Transf. Med. 2006: 16: 165-168 

Krailadsiri P., Seghatchian J., MacGregor I., Drummond O., Perrin R., Spring F., 
Prescott R,, Williamson L., Prowse C, Anstee D. and Turner M. The effects of 
leucodepletion on the generation and removal of microvesicles and prion protein in 
blood components. Transfusion 2006: 46: 407-417 

Fagge T., Barclay GR., MacGregor IR., Head M., Ironside J. and Turner M. Variation 
in concentration of prion protein in the peripheral blood of patients with variant 
and sporadic Creutzfeldt-Jakob disease detected by dissociation enhanced 
lanthanide fluoroimmunoassay and flow cytometry. Transfusion 2005 ;45: 504-513. 
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Jones M., Head MW.; Connolly JG,, Farquhar CF.; Homsey VS., Pepper DS., and 
MacGregor IR. Purification of normal cellular prion protein from human platelets 
and the formation of a high molecular weight prion protein complex following 
platelet activation. Biochem. Biophys. Res. Conmi. 2005; 335: 48-56. 

MacGregor IR. Screening assays for Transmissible Spongiform Encephalopathies 
(TSEs). Vox Sang. 2004: 87: Suppl. 2: 3-6 

MacGregor IR. and Prowse CV. Impacts and concerns for vCJD in blood transfusion: 
Current Status. Current Molecular Medicine 2004: 4: 361-373 

Foster PR., Griffin BD., Bienek C, Mcintosh RV., MacGregor IR., Somerville RA., 
Steele PJ. and Reichl H.E. Distribution of a bovine spongiform encephalopathy- 
derived agent over ion-exchange chromatography used in the preparation of 
concentrates of fibrinogen and factor VIII. Vox Sang. 2004: 86: 92-99. 

Prowse CV. and MacGregor IR. Assays for detection of Creutzfeldt-Jakob disease in 
donors: Progress to date. In Emerging Technologies in Transfusion Medicine, 
eds: Christopher Stowell and Walter Dzik AABB Press. Chapter 1; 2003 p. 1-22 

Starke R., Harrison P., Gale R., Mackie I., Drummond O., MacGregor IR. and Machin 
S. Endothelial cells express normal cellular prion protein. Br. J. Haematol. 123 ; 
372-373. 

Starke R., Drummond O, MacGregor IR, Biggerstaff J., Camilleri R., Gale R., Lee 
CA., Nitu-Whalley, IC, Machin, S and Harrison, P. The expression of prion protein 
by endothelial cells. Br J Haematol. 2002; 119:863-873 

Prowse CV. and MacGregor IR. Mad Cows and Englishmen: An update on blood 
andvCJD. Vox Sang. 2002, 83: Suppl. 1, 341-349 

Reichl H., Foster PR., Welch AG., Li Q., MacGregor IR., Somerville RA., Femie K., 
Steele PJ. and Taylor DM. Studies on the removal of a BSE-derived agent by 
processes used in the manufacture of human immunoglobulin. Vox Sang. 2002, 
83:137-145. 

Bessos H., Prowse C, Turner M. and MacGregor IR. The release of prion protein 
from platelets during storage of apheresis platelet concentrates. Transfusion 
2001;41:61-66. 

MacGregor IR. Prion protein and developments in its detection. Transfusion 
Medicine. 2001;11:3-14. 

MacGregor IR. and Drummond O. Species differences in the blood content of the 
normal cellular isoform of prion protein, PrPc, measured by time-resolved 
fluoroimmunoassay. Vox Sang 2001;81:236-240. 

Homsey V., MacGregor IR., Bethel H., Krailadsiri P., Smith K., Seghatchian J. and 
Prowse CV. Leucofiltration, retention/generation of soluble prion and annexin V 
and storage of blood components. Transfusion Science, 2000;22:75-76 
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Summary 

Prions are unconventional Infectious agents respon- 
sible for transmissible spongiform encephalopathy 
(TSE) diseases. They are thought to be composed ex- 
clusively of the protease-reslstant prion protein 
{PrP™«) that replicates in the body by Inducing the 
misfolding of the cellular prion protein (PrP<^ Al- 
though compelling evidence supports this hypothe- 
sis, generation of infectious prion particles in vitro 
has not been convincingly demonstrated. Here we 
show that Prpc — PrP"» conversion can be mimicked 
In vitro by cyclic amplification of protein misfolding, 
resulting in indefinite amplification of PrP~». The 
In vitro-generated forms of PrP"' share similar bio- 
chemical and structural properties with PrP'** derived 
from sick brains. Inoculation of wild-type hamsters 
with in vitro-produced PrP~« led to a scrapie disease 
identical to the illness produced by brain infectious 
material. These findings demonstrate that prions can 
l>e generated in vitro and provide strong evidence in 
support of the protein-only hypothesis of prion trans- 
mission. 

Introduction 

Prion diseases, also called transmissible spongiform 
encephalopathies (TSEs), are some of the most intrigu- 
ing infectious disorders affecting the brains of humans 
and animals. The group is comprised of Creutzfeldt- 
Jakob disease (CJD), kunj, Gerstmann-Straussler Shein- 
ker syndrome (GSS), and fatal familial insomnia (FFI) in 
humans and scrapie, bovine spongifomi encephalopar 
tiiy (BSE), and chronic wasting disease (CWD) in ani- 
mals (Collinge, 2001). TSEs can have sporadic, inher- 
ited, and infectious origins. The nature of the 
transmissible agent has been the subject of Intense de- 
bate (Prusiner. 1998; Mestel, 1996; Chesebro. 1998; 
Soto and Castilla. 2004). Initially the agent was tiiought 
to be a slow vims (Sigurdsson, 1954), but further re- 
search has indicated that the infectious particle is sig- 
nificantly different from viruses and other conventional 

^Comespondefica: cfsotoeiitmb.edu 



agents {Prusiner. 1998). Accordingly, a new hypothesis 
regarding the nature of the transmissible agent has 
emerged and recently gained widespread acceptance. 
This hypothesis proposes that the material responsible 
for the disease transmission is uniquely composed of 
a protein that has the surprising ability to replicate itself 
within the body (Prusiner. 1982; Pmsiner, 1998). This 
newly discovered pathogen is called a proteinaceous 
infectious particle, or prion (Prusiner. 1982). 

An important step in understanding the nature of this 
novel infectious agent was the isolation of the prote- 
ase-resistant prion protein (Prf>^ from the infectious 
material (Bolton et al., 1982). Using biochemical and im- 
munological methods, it was shown that PrP^ and in- 
fectivity copurified and that the concentration of the 
protein was proportional to the infectivity titer (Gabizon 
et al., 1988). Infectivity was retained in highly purified 
preparations of F»rP™«, in which no other component 
is detectable. In addition, Infectivity was convincingly 
reduced ty agents that destroy protein structure and 
by anti-PrP antibodies (Gabizon et al., 1988). Purifica- 
tion of l»rP led to tiie identification of the gene contain- 
ing the sequence tliat encodes PrP (Basler et al., 1 986). 
PrP mRNA is the product of a single gene that is syn- 
thesized in the brains of healthy animals and is also 
constitutively expressed in many cell types (Basler et 
al., 1986). Thus, PrP has two alternate fonms: the nor- 
mal cellular protein (PrP^ and the pathological Isoform 
(PrP^. Chemical differences between the Prf*^ and 
PrP™» isoforms have not been detected (Stahl et al., 
1993), and the conversion seems to involve a confor- 
mational change in which the a-heiical content of the 
normal protein is reduced while the p sheet content is 
increased (Pan et al., 1993). Structural changes are ac- 
companied by alterations in the biochemical properties 
(Pmsiner, 1998; Cohen and Pmsiner, 1998). As such, 
PrP^ is soluble in nondenaturing detergents while' 
PfP^ is insoluble, and PrP^ is readily digested by pro- 
teases while PrP*** Is mostiy resistant, resulting in the 
fomnation of an N-terminally tmncated fragment known 
as Prf>27-30. 

The structural conversion of PrP® into PriP^ cata- 
lyzed by Prf» has been done in vitro. The cell-free 
conversion system developed by Caughey and cowork- 
ers (Kocisko et al., 1 994) using purified PrP^ mixed with 
stoichiometric amounts of purified PrP^ produced a 
low yield of PrP^ formation under nonphysiological 
conditions, making it difficult to evaluate the infectious 
properties of in vitro-produced misfolded protein. How- 
ever, the fact that PrP^ was able to induce the trans- 
fonnati'on of the normal protein into more of itself repre- 
sented important evidence In favor of the prion 
hypothesis. More necentiy, we developed a new in vitro 
conversion system to convert large quantities of l*rP° 
into PrP^ using minute amounts of PrP~ (Satx>rio et 
al., 2001). This system, called PMCA (protein misfolding 
cyclic amplification), confirms a central facet of the 
prion hypothesis, which is that prion replication is a cy- 
clical process and that newly prcxluced PrP^ can fur- 
ther propagate the protein misfolding (Soto et al., 2002). 
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Rgure 1. InfinftB PrP~ Repncation In Vitro by Serial PMCA 

(A) Hamster so'apie brain hofnogenate was diluted 1 0^-foid into noTmaS brain i-iOuiOQaTtato ssni aubjectsu to 20 cycios cf r mCA as uo3cnt#ad 
in Exp^mental ProceduTBs. The amplified material was diluted 10-fold Into nomial brain homogenate and amplified again. This procedure 
was repeated several times to reach a 10-~^ dilution of scrapie brain homogenate. Mathematical estimations indicate that the last molecule 
of PrP«* from the inoculum was lost at the 1 0-'^ dilution. 

(B) PrP» samples from the 10^^ dilution were further replicated up to 10^ by serial PMCA after 100-fold dilutions followed tiy 48 PMCA 
cycles. 

(C) PrP^ samples from the 10-^ dilution were further replicated to reach a 10-^ dilution by performing 48 PMCA cycles and lOOO-fold 
dilutions of the samples. F, frozen samples; A, amplified samples. 



The PMCA technology was experimentally designed to 
mimic some of the fundamental steps involved in PrP^ 
replication in vivo at an accelerated rate (Soto et ai., 
2002). In a cyclic manner conceptually analogous to 
PCR cycling, a minute quantity of PrP^ is incubated 
with excess Prf^ to enlarge the PrP^ aggregates that 
are then sonicated to generate multiple smaller units 
for the continued formation of new PrP*^' (Saborlo et 
ai., 2001). A modest level of amplification has also been 
observed without sonication (Saborio et al., 2001 ; Lu- 
cassen et at., 2003; Deleault et ai., 2003), and the extent 
of conversion depends upon the numt)er of PMCA cy- 
cles (Saborio et al., 2001 ; Bieschke et ai., 2004; Piening 
et at., 2005). 

In spite of the compelling evidence supporting the 
prion hypothesis, there is still considerable sicepticism 
among saentists (Chesebro, 1998; Mestel, 1996; Soto 
and Castilla, 2004). It is widely accepted that the prion 
hypothesis can ultimately only be proven once infectiv- 
ity can be generated in a test tube, if the infectious 
agent is misfolded PrP^ and its replication is pn>- 
moted by interaction with Prf^, then it should be pos- 



sible to reproduce the whole process entirely In vitro.' 
Several strategies have been employed to achieve this 
aim, but all have failed or have produced infectivity af- 
ter a very long time of incubation and only in transgenic 
animals highly overexpressing mutated or truncated 
versions of PrP (May et at., 2004; Soto and Castilla, 
2004; Legname et at., 2004). 

The aim of this study was to evaluate the biochemi- 
cal, structural, and infectious properties of in vitro-gen- 
erated PrP^. For this purpose we have optimized the 
PMCA procedure to produce high levels of PrP*^ for- 
mation in vitro and developed the conditions to main- 
tain PrP^ indefinitely propagating in vitro at the ex- 
pense of PrP^ with the goal of producing misfolded 
protein free from brain PrP^ inoculum. Our results indi- 
cate that PrP^ generated in vitro under conditions in 
which no brain-derived PrP^ is present in the sample 
has the same structural and biochemical properties as 
the disease-associated protein. More importantiy, we 
have shown that the PMCA-generated protein is infec- 
tious to wild-type animals, leading to a disease that tias 
clinical, histological, and biochemical properties that 
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are Identical to the illness prDduced by the prion infec- 
tious agent These findings represent the first time that 
wild-type animals have been infected with Prf^ gener- 
ated in vitro and thus constitute some of the strongest 
evidence yet available supporting the prion hypothesis. 

Results 

Infinite Replication of PrP~ In Vitro 
Hamster brains infected with 263K sciapie were ho- 
mogenized and diluted 10«-fbld into a 10% normal 
ll^ir?*^™*" '""WOenrte. SanHiles were either imme- 
diately frozen or subjected to 20 PMCA cycles. After 
this first round of PMCA. a small aliquot of the amplified 
samples was taken and diluted 10-fold into more nor- 
mal brain homogenate. These samples were again im- 
mediately frozen or amplified by 20 PMCA cycles. This 
procedure was repeated several times, and PrP™» gen- 
eration was determined by Western blot after protein- 
ase K (PK) digestion to remove the remaining PrP" Rg- 
ure 1 A shows the results of an experiment in which 17 
rounds of PMCA were performed. In the final series of 
f MCA. the amount of scrapie brain homogenate is 
equivalent to a 10».fbld dilution. Estimation of the 
amount of PrP~ inoculum present indicates that after 
this dilution no molecules of brain-derived protein were 
present, whereas the amount of newly generated PrP« 
coRMponds to approximately 1 x io" molecules. The 
am^ified samples for the 1 0-«» dilution were further di- 
luted and subjected to several rounds of PMCA sepa- 
rated by 100-fold dButions to reach a final dilution^ 
scrapie brain homogenate equivalent to 10-^ (Figure 
IB). The serial replication of PrP~ was additionallv 
^iSS^iH^*?:! 'V perfomiing a seri^ 

P=i9ure 1Q). Vie conclude ftom these results that PMCA 
mabl^ an Infinite repflcation of PrP~« in vitro. Interest- 
mgly.ttie signal can be fully recovered even after 1 000- 
Wd dilution of the sample, suggesting that the ampiifi- 
cat on rate IS at least 1000. Moreover, the rate of PrP 

inlf^I^, converted protein is capable of induc- 
fonnation with an efficiency similar to that of 
t^^^Z^^'^- «P«*"«nt in Which the 
*^ ^'^'y <«'"ted into itself 
a^su^ed to the same number of PMCA cycles as 

3^n^.^^ *^ °' Prf^ inoculum 
cSZl ^J!L"^ Protease-resistant PrP under any 
conditions (data not shown). 

Biochemical and Structural Properties 
of In Vitro-Generated PrP™" 

^Jl ^'*™-9enerated Prf*- sample that does not con- 
tain any brain-derived PrP« provides an ideal material 
for analyzing the biochemical and structural properties 
Of the ,n vrtro-produced protein and comp^ng them 
wtb the properties of in vivo-generated PrP« a first 
i^Tr"".-"^«^ ^^"^ "'"^ P'^'es '"«*f=^es that 
II^^H '^'^ '° ^ P"'*^'" identical 

electrophorehc mobility and glycosylation pattern to 



the disease-associated misfolded protein (Rgure 2A) 
Indeed, experiments using PrP™* inoculum from dif- 
ferent species/strains with distinct Western blot pro- 
files showed that newly generated PrP"" always fol- 
lov« the pattern of the misfolded protein used as 
template (Soto et al, 200^. Furthermore, amino acid 
composition analysis of highly purified PrP« produced 
in vitro shows very similar results to those found using 
bram^erived PrP« (data not shown), indicating that 
the cleavage site after PK digestion is the same in both 
proteins. This is Important because PrP^ from different 
strains has been shown to have a distinct PK cleavage 
site due to the different folding or aggregation of ^e 
protein (Chen et al.. 2000; Collinge et al.. 1996) The 
similar glycosylation pattern of newly generated and 
brain-derived PrP™« was further confimied in experi- 
ments in which the proteins were treated with endogly- 
cosidase (Figure 2A). The results demonstrate that the 
enzymatic removal of glycosylated chains occure with 
similar efficiency in both proteins and that the unglyco- 
sylated bands have the same molecular weight 

A typical feature of misfolded Pri> that has been 
extensively used to distinguish it ftom the normal pro- 
tein isofbrm is the high resistance of the pathological 
protein to protease degradation. To compare the pro- 
tease-resistance profile, similar quantities of PMCA- 
generated Prf»™» (produced after a 10-* dilution of 
scrapie brain homogenate) and brain-derived Pri^ 
were treated for 60 min with 50. 100. 150, 200 250 
n fiW, 2,500, 5,000 and 10.000 jig/ml of PK (Figur^ 2B)' 
Both proteins were highly resistant to these large PK 
concentrations, and. strildngly. the pattern of resistance 
was virtually identical. This result is very significant be- 
cause protease resistance is one of the hallmaric prop- 
erties «>f disease-associated PrP, and ite quantity corre- 
lates tightly with infectivity (McKinley et al., 1983) 
Several procedures have been reported to product 
protease-resistant forms of PrP, but in most of these 
cases the protease resistance was only detected at low 
concentrations of the enzyme and was thus not compa- 
S^®J^J!Il®,?*'®"* °^ Pratease resistance seen in bona 
^L f^ (Jackson et al.. 1999; Lehmann and Harris. 
1996; Lee and Bsenberg, 2003). 

Aiiother typical property of misfolded PrP is its high 
i«MUibility in nonionic detergents. More than 95% of 

.^r^*"*®^ ^ PMCA was de- 

tected m the pellet after incubation and centrifugalion 
inJHie presence of 1 0% saritosyl. indicating that the two 
proteins are highly and similariy insoluble (Figure 3A> 

^ guanidine hydrochtoride. indicating 
mat PrP™» from both origins was equally sensitive to 
denatoration by a chaotropic agent (Figure 3B). 

The main difference between Prf»c and PrP"" which 
is responsible for the other biochemical distinctions, is 
ttie secondary structure of the two proteins: whereas 
PrP IS mainly a-helical, Pri^ is rich in p sheet confor- 
mahon (Pan et al., 1993; Cohen and Prusiner. 1998). To 
studythe secondary structure. PrP« was highly puri- 
fied from the brain of scrapie-sick hamstere or from 
samples amplified after a 10-» dilution, as described 
in Rj^re 1. The standard purification procedure based 
on difterential predpitatkin in detergente and protease 
degradation was used, and purity was estimated to be 
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Rgure 2. Bectrophorstic Pattern, Deglyco- 
sylation, and Protease-Resistance Proper^ 
ties of In Vitro-Generated PrP*^ 

(A) Aiiquots containing simDar quantities of 
brain-derived PrP*" and the misfolded pro- 
tein obtained by PMCA after a ICT™ ditution 
of scrapie brain homogenate (as shown in 
Figure lA) were subjected to proteinase K 
(PK) digestion (50 v^j^ffn^ for 60 min) and 
loaded onto SDS-PAGE. Immunorsactive 
bands were observed using Western blot 
and a 3F4 monoclonal antibody. Similar aii- 
quots of both proteins were subjected to de- 
glycosylation by treatment with peptide 
N-glycosidase F. f or 2 hr at 37**C. Western 
blot analyses of different dilutions before 
and after deglycosytation were performed. 

(B) Aiiquots of PrP™ generated in vitro after 
a 10"^ dilution of brain PrP~ or misfolded 
protein obtained from scrapie brain homoge- 
nate were incuk>ated for 60 min at 45*'C. with 
the indicated concentrations of PK and 
PrP™ signal being detected by Western blot 
analysis as described in Experimental Pro- 
cedures. 



>90% by stiver staining after electrophoresis and by 
amino acid composition analysis. Structural studies 
conducted using Fourier transform infrared (VTIR) 
spectroscopy of in vitro-generated PrP^ siiowed a 
spectrum consisting of high levels of p sheet content 
that was very similar to the spectrum obtained for puri- 
fied brain-derived Prf»~ (Rgure 4). Deconvolutlon and 
fitting analysis of the spectra showed a virtually iden- 
tical profile of secondary structures for hoXh proteins 
(Rgure 4), which are consistent with those previously 
reported for hamster Prf^ (Caughey et al., 1998; Pan 
et al., 1993). Importantly, the spectra show a still rela- 
tively high content of a-helicai stmcture, as expected 
for disease-associated misfolded prion protein (May et 
al., 2CK)4). The lack of a-helical structure is considered 
a drawback for most of the in vitro PrP refolding assays 



in which the PrP^^-like form is almost entirety orga- 
nized in an aggregated fi sheet structure (May et al., 
2004). The high levels of p sheet structure, as well as 
the presence of random coil and a helix for PMCA-gett- 
erated PrF^, were also confinmed by circular dichro- 
ism studies. FTIR spectra of recombinant full-length 
hamster PrP^ produced in t>acteria showed the ex- 
pected high proportion of a helix and random coil and 
<1 0% of p sheet structure (data not shown). 

The high content of p sheet structure of PrP'^ results 
in a high tendency to form larger-order aggregates 
in vitro and in vivo (Prusiner et al., 1983; Ghetti et al., 
1996). To study the ultrastructural characteristics of the 
aggregates, samples from highly purified tnain-derived 
and PMCA-generated Prf^ were analyzed by electron 
microscopy after negative staining. Both proteins make 
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Rgure 3. Detergent Solubility Studies 

(A) Samples containing PMCA-generated or 
brain-derived PrP™ in 10% sarkosyl (final 
concentration) were centrifuged at 100.000 x 
g fori hr at A^C, and the pellet (P) and super- 
natant (S) were treated with PK. PrP signal 
was detected using Western blotting. The 
distnliution of PrP^ not treated with PK is 
shown as a controL 

(B) Samples of PrP™ produced in vitro and 
in vivo were treated with the indicated con- 
centrations of guanidine hydrochloride for 
2 hr and thereafter centrifuged as described 
earlier. PrP™ In the pellet was detected by 
Western blot after PK digestion. 
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^cal prion rod-like structures that are 10 to 20 nm in 
diameter and 50 to 100 nm in length (Rgure SI), as 
previously described (Prusfner et al.. 1983; Wille et al.. 
2000). 

A hallmartc property of prions is their capability to 
sustain autocatalytic replication In vivo (Pmsiner, 1 998) 
injection of brain extracts containing Prf»^ mto an ani- 
mal can further direct the conversion of normal Pri^ 
and the misfolded protein can in this way keep replicat- 
ing across animals and generations (Pmslner, 1998) 
f^rti^^^H^^'*^ "^Qure 1 suggest that newi; 
fomied PrP«« « able to maintain replication In vitro 
even in the absence of brain-derived PrP«« However 
in order to analyze whether the efficiency of conversion 
L^^^f?[^'J^^ compared the rate of Prpc conversion 
^duced by brain-derived and PMCA-produced PrP^ 
For these experiments, aliquots of both samples con- 
t^"^'^^ ^O""^ Prf^ equivalent to a 100- 
H?i'i^"5j'" °' ^"^'^ ho^ogenate weiB further 
dduted irrto nomial brain homogenate and subjected to 
20 amplification cycles. As shown in Figure 5A. both 



samples were able to convert high levels of PrP^^ to 
produce a similar amount of PrP^. The efficient con- 
version was lost under these conditions when the sam- 
pies were diluted more than 160-fold (16,000-fold In to- 
taO. This result indicates that an approximately 300-fold 
amplification rate was obtained for both brain and 
PIWCA PtP^ using 20 amplification cycles (Rgure 5A) 
As described before, the rate of amplification depends 
upon the number of cycles perfonmed (for example a 
>6500-fold amplification was obtained when samples 
were subjected to 140 cycles), but. again, this rate was 
similar regardless of wrhether Pri^ came from In vivo 
brain samples or from in vitro-produced protein (data 
not shown). 

Finally, we studied whether the converting acKvity of 
m vitro-generated PrP'^^ is as resistant to denaturation 
as has been reported for brain PrP^. Samples of brain- 
derived and in vitro-generated PrP~ were subjected 
to thermal denaturation by incubation at 100"C IIO^'C 
120-C, and 140X for 1 hr. Thereafter, these ^pies 
were used to trigger PrP« formation by diluting them 
into nomnal brain homogenate and perfomiing 20 
PMCA cycles. Generatton of new Prl^ was not altered 
by previously heating the samples at 100**C or 110*c 
but this activity was dramatically reduced by incut>ating 
PrP^ at 120°C and completely atralished after heating 
at 140X (Rgure SB). Interestingly, the heat-resistance 
profile of both brain-derived and PMCA-produced 
PrP^ was very similar, further supporting the hypothe- 
sis that the two fomis resemble each other. 

PrP'" Generated In Vitro Is Infectkius 
One otijective that has long been pursued is the in vitro 
production of prion infectious material by inducing the 
misffoldir^ of PrR Successful completion of this experi- 
ment is widely regarded as the final proof for the con- 
trovereial protein-only hypothesis of prion propagation 
(Soto and Castilla, 2004). The serial replication of PtP^ 
in vitro by PMCA provides a perfect system to achieve 
this aim because, after many rounds of amplification 
following serial dilution of PrP^ Inoculum., we were 
able to produce a preparation of misfolded protein that 
was biochemically and stmcturally identical to brain- 
derived PrP^ but lacked any molecules of the initial 
scrapie-infected inoculum. To determine the infectious 
capability of in vitro-generated PrP«». groups of wfld- 
type Syrian hamsters were inoculated intracerebrally 
(i.c.) with samples generated by 6 or 16 rounds of serial 
PMCA separated by 10-fold dilutions as described in 
Figure 1 (see Rgure S2 for a schematic description of 
the groups used in this study). Since at the first PMCA 
the dilution of scrapie brain homogenate was 10^*. the 
final dilution of scrapie material in these groups corres- 
ponds to 10-9 and 1 0-'» respectively. An additional 10- 
fold dilution in phosphate-buffered saline was per- 
fonned in all samples t>efore inoculation. As shown in 
Rgure 1. despite the large dilution, the quantity of 
PrP^ remained constant after amplification. Detailed 
estimation by quantitative Western blot analysis Indi- 
cated that the amount of PrP^ in these samples was 
similarto the quantity of PK-resistant protein present 
m a 10-^ dilution of 263K hamster brain, which contains 
approximately 10^0 molecules of the misfolded protein 
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Rgure 5. Self-Propagation and Heat Inacti- 
vation of PrP~ 

(A) TTie efficiency with which PMCA-gener- 
atetj PrP~ induced the conversion of PrP*= 
in vitro was compared to the rate of conver- 
sion Induced by brain-derived PrP™*. For 
this purpose, small and equivalent aliquots 
of both proteins (lane 1. 1) were diluted 20-. 
40-, 80-, 160-, and 320-fbld into normal brain 
homogenate and subjected to 20 cycles of 
PMCA. The formation of newly generated 
PrP~ was determined using Western blot 
analysis. 

(B) T?ie resistance of PrP"»* from both origins 
to heat inactivation was determined by incu- 
bating equivalent aftquots of the proteins at 
the indicated temperatures for 20 min. 
Thereafter, the samples were diluted 100- 
fold into normal brain homogenate and 
tested for their ability to induce the conver- 
sion of normal PrP^ into the protease-resis- 
tant Isoform using 20 cycles of PMCA. F: fro- 
zen samples; A: amplified samples. 
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In the animais infected with the ^(r^^ dilution (group 6 
in Table 1), 99.99999% of this material corresponded to 
newly generated PrP~ (0.99999 x 10^0 molecules) and 
only 0.000001% to brain-derived PrP^ (1 x 10^ mole- 
cules). In the 10-20 dilution (group 7). 100% of PrP™® 
was newly generated protein (1 x 10^^ nriolecules). 
Strikingly, all of the animals in these two sets (groups 6 
and 7) showed typical signs of scrapie and died of the 
disease at around 170 days after inoculation (Table 1). 



Based on our experience with the 263K experimental 
model and the literature reports, the 10"® dilution of 
scrapie brain homogenate is the last dilution in which 
infectivity is observed (and only in some animals). 
Therefore, we hypothesized that dilutions equivalent to 
^Qr^o and 10"2o would not produce any detectable dis- 
ease (Table 1). This estimation was confirmed by the 
results obtained In our control groups (Table 1 ; groups 
1, 2. 3, and 4). Two drfferent negative control groups 



Table 1. infectivity Associated with In Vitro-Generated PrP~ 



Group 


ExperimOTtal Condition 


Scrapie Brain 
Dilution 


Molecules of PrP^ 
(Brain/PMCA) 


Predicted Survival 
Time (% Sick 
Animals) 


Observed Survival Time 
(NumtMr of Sick/Total 
Animals) 


1 


Negative control: SBH 
dihitad in NBH 


io-^<» 


-10*(10«/0) 


>600 days (0%) 


>400 days (0/6) 


2 


nonamplified 
Negative control: SBH 
diluted in NBH 


10-20 


0(0/0) 


>600 days (0%) 


>400 days (0/6) 


3 


nonamplified 
Negative control: SBH 
diluted in null BH 


10-10 




>600 days (0%) 


>400 days (0/6) 


4 

5 


amplified 
Negative control: SBH 

diluted in nuH BH 

amplified 
Positive control: SBH 

diluted in NBH 


10-ao 
10-^ 


0(DA}) 

-IQio (10«/Q) 


>600 days (0%) 

94 ± Z7 days (100%) 


>400 days (0/6) 
106 ± 2.9 days (6/6) 


6 
7 


nonamplified 
Experiment: SBH diluted in 

NBH amplified 
Experiment SBH dfluted in 

NBH amplified 


10"" 


-10«fl0*/0.99x10^«*) 

-io«(ono'«^ 


7 
7 


177 ±7.3 days (6/6) 
162 ±3.5 days (6/6) 
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were used: the first one contained ^Qr^^ and IO-20 dny. 
tlons of the scrapie brain homogenate Into normal ham- 
ster brain homogenate done in serial 10-fold dilutions 
in parallel to the samples for PMCA but kept frozen 
without ampllficatfon (groups 1 and 2). The second con- 
trol consisted of the scrapie brain homogenate diluted 
serially into PrP-knockout nnouse brain homogenate up 
to 10^0. Qj^^ lo^o.fold dilutions and subjected to the 
PMCA cycling (groups 3 and 4) in the same way as the 
study samples. None of the animals in these four 
groups of negative control samples had shown any 
signs of disease up to 400 days after infection fTable 
1). This result clearly indicates that infectivity seen in 
the PMCA-amplffied samples is associated with newly 
in vitno-generated Prf>^. 

To compare the infectious capacity of PMCA-pro- 
duced PrP™» with brain-derived Inlectivily. a group of 
animals were Inoculated with a sample containing a 
similar amount of PrP« as the ones produced after 6 
and 16 serial PMCA rounds. As mentioned above, care- 
ful estimation using Western blot analysis showed that 
the quantity of PrP~» after the serial PMCA assays was 
equivalent to a 10-3 dilution of scrapie brain homoge- 
nate (10-^ considering the further lO-fold dilution prior 
to inoculation). A positive control group of animals 
(group 5) injected with this dilution of scrapie brain de- 
veloped the disease with a mean survival time of 106 
days fTable 1). The material for this experiment and the 
dilution used connespond exactly to the sample utilized 
to begin PMCA amplification, so it serves as the double 
control of the infectivity present in the sample prior to 
any dilution and amplification as well as the infectivity 
associated with this amount of PrP««, The survival time 
was shorter than the one obtained with the equivalent 
quantity of PMCA-generated PrP~, Indicating ttiat the 
in vftro-generated misfolded protein was significantly 
tess infectious. We are currentiy doing infectivity titra- 
tion shidies to find out exactiy how much lower the in- 
fectivity in tiie samples is. but based on the survival 
time, in vitro-generated PrP^ seems to be between 10 
and 100 times less infectious than ttie same quantity of 
brain-derived PrP^. 

The clinical signs observed in the disease produced 
by the amplified samples were identical to those of the 
animals inoculated witti infectious brain material and 
included hyperactivity, motor impairment, head wob- 
bnng, muscle weakness, and weight loss. In order to 
evaluate whettier the biochemical and neuropattiolog- 
ical characteristics of the disease were also ttie same, 
we performed a detailed comparative study of the 
brains of animals affected by tiie disease induced by 
bram-derived PrP«» (group 5) and PMCA-generBted 
Prp^ (groups 6 and 7). Brain samples from all ttie 
animals in ttiese three groups contained a large and 
similar quantity of PrP~», which has an identical gly- 
cosylation profile (Figure 6A). Conversely, no protease- 
resistant protein was detected in the brains of negative 
wintrol animals. To further evaluate whether or not 
PMCA-generated infectivity represents a new strain, we 
compared the electrophoretic mobility after PK treat- 
ment and the glycoform pattern of PrP^ with those of 
hw otfier standard scrapie strains in hamstere. namely. 
263K and drowsy. As shown in Rgure 6B. whereas the 
Western blot pattern of ttie PMCA-generated PrP« is 



Identical to ttiat of 263K (ttie strain used to produce 
new PrP"^ by PMCA), It is substantially different from 
that of drowsy, a strain known to differ biochemicallv 
from 263K. ' 

Histological analysis showed typical spongiform de- 
generation of ttie brain (Figure 6q, and samples from 
animals infected with in vitro-produced PrP™" showed 
a pattern and extent of vacuolation that was indistin- 
guishable from those coming from the brains of ham- 
sters inoculated wfth infectious brain material (Figure 
S3)- The same similarities were also seen when tissue 
samples were stained for PrP accumulation (Figure 6D) 
and astiDgliosis (Rgure 6E). Thus, t>ased on all of the 
biochemical, histological, and clinical analyses of 
the animals, we concluded that in vitro-generated 
PtP^ triggers a similar neurological disorder as brain- 
derived PrP^. 

To evaluate whether infectious properties of in vitro- 
generated PrP™* were stable overtime, serial transmis- 
sion experiments were done. Brain from one of the 
animals inoculated witti ia-» dilution of scrapie brain 
homogenate subjected to 16 rounds of PMCA (group 7 
in Table 1) was homogenized and injected intraperito- 
neally (i.p.) into a group of six wild-type hamsters. All 
animals inoculated with this material exhibited typical 
signs of the disease with a mean survival time of 1 36.5 
days (Table 2). Hamsters inoculated i.p. with the same 
dilution of brain homogenate from an animal originally 
infected with brain-derived PrP^ (group 5 in Table 1) 
developed ttie disease at 100.2 days postinoculation 
(Table 2). No clinical signs were observed in negative 
control animals inoculated with normal brain homoge- 
nate. All animals in groups 2 and 3 of ttie experiment In 
Table 2 showed protease-reslstant PrP in the brain after 
postmortem analysis (data not shown). These results 
indicate that the infectious agent generated in vitro is 
stable over time. 

Discussion 

Compelling evidence has accumulated over the last 
several years In support of the protein-only hypothesis 
of prion propagation (Soto and Castilla, 2004; Prusiner, 
1998). However, ttie prion concept is still highly control 
versial. and it is widely accepted ttiat the final proof for 
this hypothesis consists of the generation of infectious 
material in vitro by inducing the misfolding of the prion 
protein (Soto and Castilla, 2004). Alttiough extensively 
atternpted, the generation of infectious mammalian pri- 
ons in vitix> has been elusive. Paradoxically, de novo 
generation of infectious proteins has been successfully 
done in a simpler system in yeast. A yeast prion has 
been defined as an infectious protein that behaves as 
a non-Mendelian genetic element, which transmits bio- 
logical information In the at>sence of nucleic acid. Di- 
verse genetic, biochemical, and structural evidence 
has been provided in support of the prion nature of 
the yeast determinants Sup35p and Ure2p (for refer- 
ences, see Uptain and Undquist, 2002). Recent studies 
showed that bacteriaily produced N-tenninal fragments 
of Sup35p, when transfonmed into amyloid fibrils, were 
able to propagate the prion phenotype to yeast cells 
(King and Diaz-Avalos, 2004; Tanaka et al„ 2004). Infec- 



Figure 6. Biochemical and Histopatho logical 
Features of the Disease Induced by Inocula- 
tion with PMCA-Generated PrP« 

(A) The presence and quantity of PrP^ in the 
brains of animals in the terminal stage of the 
disease produced by inocutetion with brain 
infectious material (group 5) or with the 10'°- 
and 10^-fold diluted and ampfified material 
(groups 6 and 7, respectively were analyzed 
using Western blottir^. 

(B) The eledrophonBtlc mobiRty and glyco- 
fbrm pattern of PrP^ obtairted in the ani- 
mals Inoculated with PMCA-generated PrP^ 
were compared with the profile of 263K and 
drowsy PY) strains of prions. 

(C) Spongiform degeneration was evaluated 
after hematoxylin and eosin staining of me- 
dulla sections from symptornatic animals in- 
oculated with either brairv-derived or in vitro- 
produced PrP*". 

(D) PrP accumulation in these animals was 
evaluated by staining the tissue with the 3F4 
antl-PrP monoclonal antibody as described 
in Experimental Rocedures. 

(E) Reactive astrogRosis in animals from both 
groups was evaluated by histological stain- 
ing with glial fibrillary acidic protein anti- 
bo6\es. 

For the results shown In this figure, ail ani- 
mals in groups 5-7 (Table 1) were analyzed, 
and the figure corresponds to a representa- 
tive picture of these animals. As a control, 
brain samples from one animal in group 1 
sacrificed without signs of the disease at 280 
days after inoculation were used. 



tion of yeast with different confoimers led to generation 
of distinct psr] strains in vivo, indicating that differ- 
ences in the conformation of the infectious protein de- 
termine prion strain variation. 

DrfTerent strategies have been used to attempt the 
in vitro generation of mammalian prion infectious 
material (Soto and Castllla, 2004; May et al.. 2004). An 
approach that has t>een explored for the purpose of 
generating de novo infectivity involved the production 
of PrP containing mutations associated with inherited 
TSEs. Several mutant PrP^-like molecules have been 
generated, some of which have been shown to acquire 
various biochemical properties of PrP~, but so far, 
none of them have been shown to be infectious (Leh- 
mann and Hanris, 1996; Chiesa et al., 1998). Another 
strategy consisted of inducing the misfblding of recom- 



binant protein or short PrP synthetic peptides into p 
sheet-rich structures exhibiting some of the biochemi- 
cal and biological properties of PrP^ (Jackson et al., 
1 999; Baskakov et al., 2000; Zhang et al., 1 995; Lee and 
Bsenberg, 2003). The hope in these experiments was 
that infectivity might be generated even if a very small 
percentage of the protein altered in vitro adopted the 
**infectious folding." Unfortunately, these experiments - 
have largely failed. Very recently, however, a recombi- 
nant mouse PrP fragment (residues 89-230) assembled 
into amyloid fibrils was found to induce a TSE-like dis- 
ease with F*rP^ formation when injected in transgenic 
mice overexpressing the same PrP sequence (Legname 
et al., 2004). The disease was later transmitted to wild- 
type animals in a second passage. These findings have 
come close to being the long-awaited definitive proof 



Table 2, Secondary Transmission of In Vitro-Geneiated PrP« 

Qroup Experimetital Condition ^ Scrapie Brain Dilution Survival Time (Number of SicfcHtatal Animals) 

1 Negative control NBH 2x10-^ >200 days (Q/6) 

2 Positive control": animals infected 2x10-^ 100.2 ± 7.7 days (6/6) 

with brain PrP~ 

3 Experiment^ animals infected with 2 x 10-* 136.5 ± 12.9 days (6/6) 
PMCAPrP^ 

The quantity of PrP** inoculated in animals in groups 2 and 3 was similar as evaluated tiy Western blot Survival time is expressed as aver- 
age ± standard error. 

° Animals were inoculated i.p. with 200 lU of a 1:50 dilution of brain homogenate from one animal in group 5 in Table 1. 
^Animals were inoculated i.p. with 200 tJ of a 1:50 dilution of brani homogenate from one animal in group 7 in Table 1. 
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Of the prion hypothesis, but some experimental caveats 
remain to be addressed. The fact that the disease was 
originally transmitted to transgenic animals largely 
overexpressing the PrP gene and not to wild-type ani- 
mals is a matter of concem t>ecause it is well known 
that this type of animals develops a prion-like disease 
spontaneously (Westaway et al.. 1994; Castilla et al., 
2004a; Chiesa et al.. 1998). In other words, the effect 
seen might just be an acceleration of the disease pro- 
cess that was set to occur spontaneously at a later 
time. In this sense, an important missing control was 
the inoculation of animals in a second passage with 
brain homogenate of transgenic mice not injected with 
synthetic prions. Finally, the clinical and histopathologi- 
cal presentation of the disease was different from the 
usual disease in mice. The authors argued that this re- 
suft may be due to the creation of a new strain of 
prions. 

A strategy that is regarded as more promising is the 
generation of infectivity by in vitro conversion of PrP° 
because in these experiments the transfonnation pro- 
cess is triggered, catalyzed, and templated by brain- 
derived PtP^. The cell-free conversion system devel- 
oped by Caughey and coworicers (Kocisko et al., 1994) 
uses purified PrF^ mixed with stoichiometric amounts 
of purified PrP^. The low yield off PrP« formation re- 
sulting from this system and the nonphysiological con- 
ditions used had made It difficult to evaluate the biolog- 
ical and structural properties of the newly converted 
protein. However, Collinge and coworkers took advan- 
tage of the speaes-barrier phenomenon to test infec- 
tivity of newly generated PrP^ under conditions in 
which the Prf» from the inoculum would not be infec- 
tious (Hill et al.. 1999). The results of these experiments 
argued that cell-free-generated PrP^ was not infec- 
tious. A recent study attempting to analyze infectivity of 
PMCA-generated PrP™* produced inconclusive results 
(Bieschke et al.. 2004). The most likely reason for this 
was tfiat the level of Prf^ produced in vitro was still 
not high enough to have a clear separation from the 
infectivity of the material used to generate the mis- 
folded protein. In addition, an important control experi- 
ment analyzing the parallel effect of the sonication pro- 
cedure on brain-derived infectivity was missing We 
have obtained similar results in otiier infectivity shjdies 
in which animals inoculated with PrP™» obtained after 
a low level (10- to 50-fold) of amplification led to incon- 
elusive results regarding the infectivity of newly gener- 
ated protein (data not shown). However, in experiments 
in which a higher level of amplification (>200-fold) was 
obtained in a single round of PMCA. a significant in- 
crease In infectivity was observed (data not shown). 

In this study we have further optimized tiie PMCA 
procedure to reach very high levels of PrP^ conver- 
sioivFurthermore, we have been able to serially amplify 
PrP« in vitro indefinitely. As a result of many rounds of 
PMCA following serial dilution of brain infectious 
matenal. we have been able to generate large quanti- 
ties of newly syntiiesized PrP^ in the absence of any 
molecules of the brain-derived misfolded protein This 
in vitro-generated PrP^ isoform has identical bio- 
chemical and structijral properties to the protein used 
to begin tiie conversion, and, more importantiy tfie 
in vitro-generated PrP« is deariy associated wWi in- 



fectivity. Our results represent the first time in which 
prion infectious material has been generated in vitro to 
produce an in vivo disease in wild-type animals with 
characteristics identical to the disease produced by 
brain-isolated prions. These results provide some of the 
strongest evidence in support of the prion hypothesis. 
The fact that a given quantity of in vitro-generated 
PrP~» is associated wltti a lower degree of infectivity 
as compared with brain-derived infectious material may 
explain the inconclusive results from Bieschke and co- 
worirers (Bieschke et al.. 2004) and our own previous 
data using a low level of amplified nr^aterial for inocula- 
tion. The reason for the lower level of infectivity in 
PMCA-produced PrP^ is unknown and cunrentiy under 
irtvestigation. but we can envision at least three possi- 
bilities. Rrst. although the samples contained the same 
amount of PrF>^ as analyzed by Western blot after 
SDS-PAGE, the protein molecules might have been or- 
ganized into a different number of Infectious units. For 
example, a large production of PrP« in vitro may have 
led to the formation of big aggregates that might be 
less efficient for propagating Infectivity in vivo, or soni- 
cation may have produced too small aggregates that 
were not very efficient in maintaining infectivity. Sec- 
ond, it is possible that in vitro-generated and in vivo- 
derived infectious agents may contain different propor- 
tions of resistant and sensitive forms of PrP. In our 
biochemical quantitation we only take PrP^ into ac- 
count. Third, we may have generated a different prion 
strain after repeated in vitro amplification reactions. Al- 
though the biochemical, histological, and clinical char- 
acteristics of the disease produced by in vitro-gener- 
ated Prf^ were identical to the disease originating 
from brain-derived infectious material, the extended in- 
cubation periods, both in the first and second pas- 
sages, support a possible new stiain. Additional experi- 
ments of serial transmission and titration are needed to 
reach definitive conclusions. 

A central facet of the prion hypothesis is that prion 
replication is a cyclical process and that newly pro- 
duced PrP^ can further propagate protein misfolding; 
in this way, prions can continue replicating across ani- 
mals and generations. Our results show that this pro- 
cess of autocatalyb'c generation of PrP^ can be mim- 
icked in vitro by PMCA, indicating ttiat prions can be 
"cultured" in vitro indefinitely, thus enabling the de- 
tailed study of their properties. In vitro-produced PrP^ 
exhibited properties strikingly similar to those of the 
protein isolated from scrapie-affected animals, includ- 
ing secondary structure. Western blot profile, protease 
resistance, detergent insolubility, resistance to denatur- 
ation by heat and chaotropic agents, aggregation into 
rod-like structures, efficiency in inducing the misfolding 
of the nonmal PrP^, and in vivo Infectivity. These find- 
ings indicate that PMCA is a valuable tool for studying 
the molecular basis of prion conversion and the factors 
involved in this process as well as for identifying novel 
compounds that inhibit this pathological event. PMCA 
might also be useful for studying the mechanism of the 
species barrier and assessing whether the nature of the 
prion strains is indeed encoded on the stixicture of the 
rnisfolded protein. Finally. Uie high levels of amplifica- 
tion resulting from our improved and automated PMCA 
procedure may have important appfications for TSE di- 
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agnosis by allowing the highly sensitive detection of 
PrP™*. 

Experimental Prooedures 
Preparation of Tissue Homogenates 

Healthy and sick animats were perfused with phosphate-buffered 
sai'me (PBS) plus 5 mM EDTA previous to harvesting the tissue. 
Ten percent brain homogenates (w/v) were prepared in conversion 
buffer (PBS containing 150 mM NaO. 1.0% Triton X-100, 4 mM 
EDTA, and the complete™ cocktail of protease inhibitors [Boah- 
ringer Mannheim, Mannheim. Germany]). The samples were clari- 
fied by a brief low-speed centrifugation (1 500 rpm for 30 s) using 
an Eppendorf (Hamburg, Germany) centrifuge, model 5414. 

PrP*~ Purification 

One gram of brain tissue was homogenized in 5 ml of cold PBS 
containing protease inhibitors. For PMCA-generated PrP^, the to- 
tal sample was processed after the last amplification in the same 
way as brain homogenate. The samples' were mixed with 1 volume 
of 20% sarkosyt, and the mbcture was homogenized and sonicated 
until a clear preparation was obtained. Samples were centrffuged 
at 5000 rpm for 15 min at 4"C. The pellet was discarded, the super- 
natant was mixed with 1/3 volume of PBS containing 0.1 % SB-314, 
and samples were centrifuged in a Biosafe Optima MAX uttrac^tri- 
fuge (Beckman Coulter, Fullerton, Canfomla) at 100.000 x g for 3 hr 
at 4^. The supernatant was discarded and the pellet was resus- 
pended in 600 of PBS containing 0.1% SB-314 and 10% NaCI 
and sonicated. The resuspended peOet was layered over 600 |J of 
PBS containing 20% saccharose, 10% NaCI, and 0.1 % SB-314 and 
centrffuged for 3 hr at 4«C. The supernatant was discarded and the 
pellet was resuspended in 300 ^ of PBS containing 0.1% SB-314 
and sonicated again. After sonication the samples were inculcated 
with PK (100 jtg/mO for 2 hr at 3r»C and shaken. The digested 
sample was layered over 100 |J of PBS containing 20% sarkosyl, 
0.1% SB-314. and 10% NaCI and centrifuged for 1 hr 30 min at 
100.000 ac g. The final pellet was resuspended in 100 fJ of PBS and 
sonicated. The sample was stored at -80'*C. Purity was analyzed 
by sihrer staining and amino acid compositkxi analysis. 

PMCA Procedure 

Although the printiple of PMCA remains the same as In our original 
publksation (Saborio et al.. 2001), the system has been optimized 
and automated, thus enabling the routine processing of many more 
samples at the same time and reaching a higher conversion effi- 
ciency. The detailed protocol, irK:luding troubleshooting, has t>een 
recently published elsewhere (Castilla et aJ.. 2004b; Sad et al.. 
2004). Aliquots of normal and scrapie brain homogenate prepared 
in conversion buffer were mixed and loaded onto 0.2 ml PCR tubes. 
Tutses were positroned on an adaptor placed on the plate holder of 
a microsonicator (MIsonix Model 3000. Farmingdale, New York) and 
programmed to perform cycles of 30 min incubation at 37'*C fol- 
lowed by a 40 s pulse of sonication set at 60% potency. Samples 
were incubated, without shaking, immersed \n the water of the son- 
icator bath. 

Protease-Reslstance Assay 

The profile of PK sehsitivfty for In vitro- and in vivo-generated 
PrP™* was studied by subjecting samples to incubatkin for SO min 
at 45'*C with different concentrations of PK ranging from 0 to 10,000 
M^ml. The digestton was stopped tjy adding electro pfioresis sam- 
ple buffer. For ad other experiments involving PK digestton, the 
standard condrtmns used consisted of incubating the samples wnth 
50 jLg/ml of the enzyme for 60 min at 45°C. 

PrP~» Quantification 

PrP« concentration was estimated by Western blotting fbUowed 
by densitometric analysis, using known concentrations of hamster 
recombinant PtP^ (Prionkrs Inc. Zurich, Switzeriand). To obtaon a 
reliable and robust quantification, we ran several different dilutions 
of the sample in the same gel as the standard, thus avokling arti- 
facts due to saturation of the signal or to too weak a signal. In some 
selected samples, quantifkration was confirmed by single EUSA 



technique after PK digestion, using plates coated with 3F4 an- 
tibody. 

Detergent Solubility Assay 

Samples containing brain homogenate and in vitro- or in vivo-gen- 
erated PrP™ were incubated In the presence of 10% sarkosyl for 
30 min at 4^C. Thereafter, samples were centrifuged at 100,000 x g 
for 1 hr In a Biosafe Optima MAX ultracentrifuge (Beckman Coulter), 
and the pellet of the centrifugatkin was then resuspended in con- 
version buffer plus electrophoresis sample buffer. Equivalent ali- 
quots of supernatant and pellet were analyzed using immunoblot- 
ting. In some experiments, prior to the addition of sarkosyl, 
samples were incubated with different concentrations of guanidine 
fiydrochtoride for 2 hr at room temperature and shaken. Thereafter, 
saricosyl was added and the solufcile and Insoluble proteins were 
separated using centrifugation. 

PrP™» Detection 

Proteins were fractionated by sodium dodecyl sutfate-polyacryl- 
amkie gel electrophoresis (SDS-PAGE) under reducing conditions, 
electroblotted into nrtrocelluiose membrane, and probed with 3F4 
antibody (Kascsak et al.. 1 987^ (dilution 1 :5000). The immunoreac- 
tive bands were visualized by enhanced chemiluminescence assay 
(Amersham, Piscataway, New Jersey). 

Protein Deglycosylatton Assay 

PrP~ samples were first digested with PK as descnlied above. 
After addition of 10% sarkosyl (final concentration), samples were 
centrifuged at 100,000 x g for 1 hr at 4^*0, the supernatant was 
discarded, and the pellet was resuspended in 100 fJ of glycopro- 
tein denaturing buffer (New England Bkslabs, Beverly, Massachu- 
setts) and incubated for 10 min at lOO'C. TTiereafter, 26 »i4 of 50 
mM sodium phosphate (pH 7.5) containing 1 % nonidet P-40 and 
3 )ji of peptide N-glycosidase F (New England Biolabs) was added. 
Samples were incubated for 2 hr at 37^. the reactksn was stopped 
by adding electrophoresis buffer, and samples were analyzed by 
Western blot 

Fourier Tyansform In fra r ed Spectroscopy 

Solutions or suspenskMis containing highly purified PrP^ (5 mg/ 
ml) were prepared in PBS. IWo hundred micreliters was toaded into 
an infrared cell, and samples were dried for 30 min under a nitrogen 
flow. Spectre were recorded with a Bruker (Billerica, Massachu- 
setts) model 66v/S FT1R spectrophotometer at 25*'C. For each 
spectrum. 51 2 scans were collected with a 2 cm'^ resolution and 
a 1 cm-^ interval from 4000-700 cm~' . Smoothing and Fourier self- 
deconvolution were applied to irK:rease the spectral resolution in 
the amide I region (1700-1600 cm~^), and iterative fitting to lo- 
rentzian line shapes was carried out using the Grams software from 
Thermo Corporation (San Jose, California) to estimate the propor- 
tion of each secondary-structure element. 

Electron Microscope 

Samples of PrP^ eitfier highly purified from ttie brain or generated 
by PMCA amplification were resuspended in PBS. placed onto car- 
bon formvar-coated 3d0-mesh nickel grids, and stained for 60 s 
with 2% uranyl acetate. Grids were analyzed using a Philips EM 
410 (FEl Company. Hinst>oro, Oregon) electron microscope at 60 k^£ 

PrP~ TViermal Inactivation 

Equrvaient samples of tsrain homogenates containing in vtvo- 
derived and PMCA-genereted PrP^ were incubated for 20 min at 
different temperatures (room temperature. lOO^C. 110*^, 120''C, 
and 140°C^. Thereafter, alUquots were taken, diluted into normal 
brain homogenate. and subjected to PMCA amplification. Forma- 
tion of new Prf™ was monitorBd using Western btot after PK di- 
gestion. 

In Vhro InfMhrity Studies 

Syrian golden hamstere were used. Animals were 4 to 6 weeks old 
at the time of inoculation. Anesthesized animals were injected ste- 
reotaxically in the right hippocampus with 1 ^.1 of tfm sample using 
a computerized perfuston machine tfiat delivered the sample irrto 
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the brain at a rate of 0.1 MJ/min. For the second-passage experi- 
ments, animals were inoculated Lp. with 1 00 ^.1 of the materiaL The 
onset of clinical disease was measured by scoring the animals 
twice per week using the foDowing scale: 1. normal animal; 2, mild 
behavioral abnormalities, including hyperactivity and hypersensi- 
tivity to noise; 3. moderate behavioral problems, including tremor 
of the head, ataxia, wobbling gait, head bobbing, irritabirity, and 
aggressiveness; 4, severe behavioral abnormalities. Including aO off 
the above plus jerks of the head and body and spontaneous back- 
rolte; 5. terminal stage of the disease, in which the animal Des in 
the cage and is no longer able to stand up. Animals scoring level 4 
for two consecutive weeks were considered sick and were sacri- 
ficed to avoid excessive pain using exposure to carbonic dioxide. 
Brains and other tissues were extracted and analyzed histologi- 
cally. The right cerebral hemisphere was frozen and stored at -70*0 
for blochemk^l examination of PrP« using Western blot analysis; 
the left hemisphere was fixed in1Q% formaklehyde solution, cut 
into sections, and emt)edded In paraffin. Serial sections (6 |im 
thick) from each block were stained with hematoxylin and eosin, 
using standard protocols or incubated with monoclonal antlbodies 
recognizing PrP or the glial fibrillary acidk: protein. Immunore- 
actions were developed using the peroxidase-antiperoxidase 
method, following manufacturer specifications. Antibody specifte- 
ity was verified by absorption. 
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Supplemental Data include three figures and one reference and are 
available with this arttele onlone at http;//www.ceILcom/cgi/ 
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ABSTRACT The scrapie prion protein (PrP^) is the 

m^or, and possibly the only, component of the infectious 

prion; it is generated from the cellular isoform (PrP<^ by a 

conformationa] change. N-terminal truncation of PrP*« by 

limited proteolysis produces a protein of ««142 residues des- 
ignated PrP 27-30, which retains infectivity. A recombinant 

protein (rPrP) corresponding to Syrian hamster PrP 27-30 

TOs expressed in Escherichia coU and purified. After refolding 

rPrP into an a>-heUcal form resembling PrP^, the structure 

was solved by multidimensional heteronuclear NMR, reveal- 
ing many structural features of rPrP that were not found in 

two shorter PrP fkagmmts studied previously. Extensive 

side-chain Interactions for residues 113-125 characterize a 
hydrophobic cluster, which packs against an irregular fi- 
sheet, whereas residues 90-112 exhibit little defined structure. 
Although identifiable secondary structure is largely lacking in 
the N terminus of rPrP, paradoxically this N terminus in- 
creases the amount of secondary structure in the remainder 
of rPrP. The surface of a long helix (residues 200-227) and a 
structured loop (residues 165-171) form a discontinuous 
qiitope for binding of a protein that fadUtates Prps* forma- 
tion. Polymorphic residues within this epitope seem to mod- 
ulate susceptibility of sheep and humans to prion disease. 
Conformational heterogeneity of rPrP at the N terminus may 
be key to the transformation of PrP^ into PrP^S whereas the 
discontinuous epitope near the C terminus controls this 
transition. 



Pnons cause neurodegenerative illnesses in humans and ani- 
^"®sses in humans indude kuni, Creutzfeldt- 
/^dot^® Geratmann-Straussler-Scheinker dis- 

^ ^5ff familial insomnia (FH) (2-4). Familial 

UD, GSS, and FFI are autosomal dominant diseases caused 
by mutations in the PrP gene and are transmissible to exper- 
imental anmials. In animals, bovine spongiform encephalop- 
5[' ? disease, has caused more than 160,000 

catUe deaths in Great Britain. It is thought to be caused by a 
meat and bone meal dietary supplement containing prion- 
contammated offal from sheep and cattle (5). Recent reports 
suggest that bovine prions may have been transmitted to 
liumans (6, 7). 

In contrast to viruses and viroids. prions do not contain a 
nucleic acid genome encoding their progeny. Rather, prions 
are composed largely, if not entirely, of a modified host- 
encoded glycoprotein denoted PrPSc. Through a posttransla- 
tional process, PrP^c is formed from the normal, ceUuIar prion 
protem (PrP) isoform designated PrPC No posttranslational 
cnemical modification responsible for conversion of PrP<^ into 
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PrP^ has been identified. Both Prpc and PrPS^ possess a 
glycosylphosphatidyl inositol (GPI) anchor at the C terminus 
and are glycosylated at Asp"i and Asp^'' but no covalent 
chemical differences between the two isoforms have been 
found (8). The GPI anchor of PrP^ apparently targets it to 
caveolar-like structures within or adjacent to the plasma 
membrane where PrP<^ is either degraded or converted into 
PrPSc (9). Differences between PrP^^ and PrP^ lie in their 
properties: PrP^ is soluble in nondenaturing detergents, and 
PrP^ is not, and whereas PrP^ is largely *»-helical and readily 
degraded by proteases, PrP^^ has substantial ^sheet structure 
and a proteolytically stable core, termed PrP 27-30. Prediction 
efforts suggested that PrP^ could form a four-helix bundle 
(H1-H4), whereas PrPS« would lose two of the four hehces in 
favor of a substantial ^sheet (10, 1 1). Preparations containing 
this truncated PrP retain scrapie infecth^ity (12), and similarly 
trui^ted recombinant PrP (rPrP) promotes formation of 
PrP^ in cultured cells and in transgenic mice (13, 14). Re- 
combinant antibody fragments (rFabs) that bind the N termi- 
nus (residues 90-112) of PrP 27-30 recognize native PrP^ but 
not PrPS*^, whereas other rFabs to epitopes in the C-terminal 
region bind to both native PrP^ and PrPS<^ (15, 16). Because 
both N- and C-terminal rFabs bind to denatured PrP^, we 
conclude that as PrP^ is formed, epitopes exposed in FtF^ 
become buried (17). 

Production of rPrP in large quantities for structural studies 
recently has been successful with expression in Escherichia coli 
of a 142-residue polypeptide corresponding to the Syrian 
hamster (SHa) sequence of PrP 27-30 (18). While this protein 
was being investigated, smaller segments of PrP were studied 
extensively by NMR spectroscopy. A 56-residue peptide con- 
sisting of PrP residues 90-145 was found to exist as an a^helical 
structure or one with intermolecular >S-sheets depending on 
the microenvironment (19). In a hydrophobic environment, 
chemical shift and nuclear Overhauser effect (NOE) connec- 
tivities confirmed the existence of helices in the predicted HI 
region and, more weakly, in the H2 region. A Ill-residue 
polypeptide spanning mouse (Mo) PrP residues 121-231 [Mo- 
PrP(121-231)] was expressed in E. coli and found to contain 
H3 and H4 as predicted, with these helices stabilized by a 
disulfide bond joining the two Cys residues in PrP (20). An 
additional a-helix and two antiparallel four-residue >S-strands 
were observed (20). One /S-strand corresponds to a portion of 
H2 that was predicted to participate in a >S-sheet of PrP^^ (lO). 

Abbreviations: PrP, prion protein; PrPSc, scrapie isoform of PrP; PrPC, 
ceUuiar isoform of PrP; PrP 27-30, N-terminaUy truncated fragment 
ot FtP^; rPrP, recombinant PrP consisting of residues 90-231; SHa 
KXJ?2?cJi??^*^''' mouse; rFabs, recombinant antibody fragments; 
NOE(SY). nudear Overhauser effect (spectroscopy); HSQC, hetero- 
nudear smgle quantum coherence. 

Data deposition: The coordinates from the NMR studies have been 
deposited m the Protein Data Bank, Brookhaven National Laboratory 
Upton, NY 11973. 

*To whom reprint requests should be addressed. 
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Both PrP^ and PrP^ possess a disulfide bond (21). We report 
here on the NMR structure of rPrP(90-231) corresponding to 
the sequence of PrP 27-30 in an a*-helical form that appears to 
resemble PrP^ (18, 22). 

MATERIALS AND METHODS 

Isotopic Labeling of rPrP. Uniform isotopic labeling of the 
protein was done by minimal modifications of the protocol 
(described by ref. 18). The bacteria were grown overnight in a 
shaker flask containing 100 ml of Celtone microbial growth 
media either ^^N- or "N/^^C-labeled. TTie culture then was 
used for Inoculation of a 1-iiter fermentation where the 
following components were substituted for the isotopically 
labeled ones: isoleucine, ammonium sulfate, ammonium hy- 
droxide, glucose, and 10% reconstituted Celtone powdered 
media for the 20% yeast extract and NZ amines. The fermen- 
tation was allowed to proceed for either 24 hr (^^N) or 12-14 
hr (^^N/^^C) depending on the reagents that were limiting. Wet 
cell paste yield was between 40 and 50 g, ultimately obtaining 
a minimum of 100 mg of purified protein. 

Expression and Purification of rPrP. SHa rPrP was ex- 
pressed using an alkaline phosphatase promoter in a protease- 
defident strain of E, coU (27C7), as described (18). Insoluble 
particles containing rPrP were extruded by a microf hiidizer 
and pelleted by centrifugation. The extruded material was 
solubilized in 8 M guanidinium hydrochloride (GdnHCl)/100 
mM DTT, pH 8.0 and subjected to purification by two 
sequential chromatographic procedures: size-exclusion chro- 
matography (Pharmacia Superdex 200) eluted by 6 M 
GdnHa/50 mM Tris-acetate, pH 8.0/1 mM EDTA, foUowed 
by reversed-phase chromatography using a C-4 column (Vy- 
dac) eluted by a gradient of acetonitrile/trif luoroacetic acid/ 
water. Purified rPrP subsequendy was lyophilized before re- 
folding. Lyophilized rPrP was solubilized at 1 mg/ml in 8 M 
GdnHQ and rapidly diluted into 20 mM Tris-acetate, pH 8.0/5 
mM EDTA to a final concentration of 0.1 mg/ml. The refolded 
protein was dialyzed against 20 mM sodium acetate, pH 
5.0/0.005% sodium azide. Insoluble material was removed by 
filtration through a 0.2-/tfn filter. Solutions were concentrated 
by Centriplus 10 (Amicon) to a final protein concentration of 
0.7-1.3 mM for NMR studies. Deuterated buffer exchange was 
done simultaneously with the final concentration step. Sam- 
ples were analyzed by mass spectroscopy, Fourier transform 
infrared spectroscopy, and circular dichroism spectroscopy. 

NMR Spectral Acquisition and Analysis. NMR spectra for 
resonance assignments were acquired at 30"C, with 1 mM 
uniformly ^^N-labeled and ^^N/i^C-labeled rPrP at pH 5.2, in 
10% ^HjO on the following spectrometers: a Bruker DMX750, 
a Bruker AMX500, or a Varian UnityPlus600, each equipped 
with a 5-mm "C/^^N/^H triple resonance probe. Backbone 
and Cfi assignments were made using CBCA(CO)NH, 
HNCACB, and HNCA experiments (23). Side-chain and 
assignments were obtained using (H)C(CO)NH-total cor- 
related spectroscopy (24) and HCCH-total correlated spec- 
troscopy (25) spectra. NOE spectroscopy (NOESY) experi- 
ments were run at 750 MHz on a Bruker DMX750 spectrom- 
eter. Distance restraints were obtained from the NOESY data, 
using a ^^N-iabeled sample, from a three-dimensional ^^N- 
resolved NOESY with a lOO-ms mixing time (modified from 
ref. 26) and, using a ^^C/^^N-labeled sample, from a three- 
dimensional "C-resolved NOESY with a lOO-ms mixing time 
(27). 

Structure Determination. Spectra were processed using the 
program nmrpipe (28). Spectra were ana^d, and assign- 
ments managed using the locally written program sparky (29). 
All spectra were referenced relatwe to 3-(trimethylsilyl)- 
tetradeutero-sodium propionate. The backbone *H, "N, and 
resonance assignments of rPrP(90-231) are complete. 
Ninety-two percent of the side-chain resonances are assigned. 
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Fig. 1. Secondary structure diagram for rPrP. NOE connectivities 
are denoted by lines, where the thickness qualitatively represents the 
relative intensity (weak, medium, or strong) of the NOE crosspeaks, 
and i designates the residue number for rPrP. daN(<» i+3) denotes an 
NOE between the cr-proton of residue i and the amide proton of 
residue f +3. The long-range NOE line indicates by height the relative 
number of NOE crosspeaks between residues i i + >4. In the 
consensus chemical shift index (59), contiguous up bars designate 
cr-helix and down bars designate ^strand. Regions of secondary 
structure are depicted by helices for or-helices and broad arrows for 
^strands. Hydrogen exchange was calculated from the intensity of 
proton NOE crosspeak between the amide and waten open circles for 
slow, filled for fast, and half-filled circles for medium exchange rate. 
No circle indicates spectral overlap or proline. The secondary structure 
diagram was created using the program vince (60). 

with the unassigned resonances mainly concerning residues 
with aromatic rings. From the NOE crosspeaks, 2,401 exper- 
imental distance restraints were used to generate low- 
resolution structures via the program diana (30), followed by 
minimization with amber 4.1 (31). 

RESULTS 

To investigate the basis of the PrP structural transitions, we 
prepared rPrP with the SHaPrP sequence corresponding to 
residues 90-231 of PrP 27-30 (18, 22), The rPrP was uniformly 
labeled with ^^N or with both ^^N and ^^C; it was refolded into 
a conformer that resembles PrP^ based on optical spectro- 
scopic and immunochemical measurements (15, 32). The pH 
of the rPrP solution was found to be critical: N- terminal 
epitopes (residues 90-112) in rPrP that were observed to be 
partially buried at pH 5.2-8.0 by ELISA using N-terminai 
rFabs (17) (Y. Matsunaga and S.B.P., unpublished work) 
became completely exposed at pH 4.8 or lower. Whether the 
pH-dependent conformational transition detected by rFabs 
extends to other parts of the protein remains to be established, 
but it may be pertinent to structural differences between rPrP 
and MoPrP(121~231), because the latter structure was deter- 
mined at pH 4.5 (20) {vide infra). When rPrP (0.9 mM) was 
poised in the middle of this structural transition at pH 5.0 in 
20 mM Na acetate and 0.005% Na azide, its ^y-helical state was 
stable for at least 15 days at temperatures from 4°C to 30**C as 
judged by circular dichroism. In contrast, 1 day at 35°C led to 
a substantial loss of £v-helix and a concomitant acquisition of 
^sheet that was concentration-dependent (data not shown). 
At 35°C, incremental increases in the concentration of rPrP 
from 0.(B mM to 0.75 mM steadily increased the rate of or-helix 
to ^sheet conversion. 

Multidimensional heteronuclear NMR studies were per- 
formed with rPrP. Signal linewidths and spectral dispersion 
indicated that most of the protein is well structured at the 
concentration (ca. 1 mM) and solution conditions used: 20 mM 
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sodium acetate, pH 5.2, SO^C. Analytical sedimentation indi- 
cated that the protein was essentially monomeric at 25"" (22). 
However, ^^N spin-lattice and spin-spin relaxation time mea- 
surements indicate that the protein is undergoing rapid inter- 
conversion between a weak dimer and monomer. No specific 
intermoiecular interactions have been identified to date. 

Essentially three parts to the protein are readily reflected in 
simple NMR specti^ features: residues 90-112 are character- 
ized by narrow (18 Hz) ^^N heteronuclear single quantum 
coherence (HSQC) spectral signals and few long-range NO£ 
crosspeaks; residues 113-126 have relatively narrow (ca. 18 Hz) 
^^N HSQC spectral (ca. I8H2) signals and many NOE cross- 
peaks; and most of the remaining residues exhibit ca. 6 Hz 
broader HSQC signals and numerous NOE crosspeaks. The 
consensus chemical shift indices (33), as weU as the proton 
NOE connectivities evident in NOESY spectra, consistently 
indicate that rPrP contains three of-helical regions (Fig. 1). The 
locations of these correspond largely, but not entirely, to those 
found for MoPrP( 121-231) under similar solution conditions 
(0.8 mM protein, pH 4.5, no buffer, QXfC) (20) and to two of 
the four helices predicted for the entire sequence (10). 

A best-fit superposition of backbone atoms for residues 
113-228 of rPrP is shown in Fig. Z4. To distinguish the 
£r-helices found in rPrP by NMR from those predicted by 
molecular modeling, we provisionally designate these helices 
A, B, and C. Helix A spans residues 144-156 with the last turn 
distorted, corresponding to helix 144-154 found for Mo- 
PrP(121-231). Helbc B spans residues 172-193, with the first 
turn irregular at the present stage of structure refinement. This 
helix is about two turns longer than the 179-193 helix found for 
MoPrP(121-231), which agrees well with predicted helix H3 
(179-191). Helix C extends from residues 200 to 227 with the 
225-227 turn irregular. This helix is about three turns longer 
than the helix corresponding to residues 200-217 in Mo- 
PrP(121-231). It is notable that predicted helix H4 (residues 
202-218) corresponds well with that found in MoPrP(121- 
231). Two four-residue >ff-strands (128-131 and 161-164) were 
identified in the MoPrP(12 1-231) structure. We found a 
similar antiparallel >9-sheet, with S2 spanning residues 161-163 
and SI spanning 129-131 possessing ^sheet characteristics, 
but the two strands do not manifest standard ^sheet geom- 
etry. In fact, a ;S-bridge occurs only between Leu^3° and Ty r*", 
although extensive cross-strand connectivities of residues are 
in segment 129-134 with proximate residues on the antipar- 
allel segment 159-165. 

The loop between 82 and heUx B (i.e., residues 165-171) 
>ields resonances clearly exhibiting long-range as well as 
medium-range restraints, which were not seen for the back- 
bone atoms of residues 167-176 in the shorter MoPrP(121- 
231). Our results indicate that the loop is reasonably ordered, 
whereas this region is disordered in MoPrP(121-231) (20). Fig. 
2F shows only one example: ^H-^H crosspeaks between the 
unresolved methyl protons of Val^^ with Ser^^z and TyxP^, 
The . methyl protons of Val**^ also exhibit 15 long-range 
crosspeaks with protons in the same loop, e.g., Tyr^*^ and in 
the extension of heln C, e.g., Tyr^" and Tyr^. Cbnnectivities 
of Val^^ to residues two turns apart on helix C suggest that the 
loop may exist in at least two conformations. Apparently, the 
interaction of the 165-171 loop with the helix C extension is 
important in stabQizing the structure (see Fig. 2A), 

The mature human. Mo, and SHa prions manifest >90% 
sequence homology (34). Nevertheless, we must consider 
whether variations in sequence might cause the differences in 
structures observed for MoPrP( 121-231) and SHa rPrP. Only 
four sequence variations are in the region 121-231. Whereas 



three appear to be conservative with no apparent structural 
effect, we note that Thr^^^ in the SHa sequence is Val in the 
mouse-A and lie in the human PrP. Although it is conceivable 
that this may account for the differences in the length of helix 
C, it seems unlikely. 

The cr-proton and o^carbon chemical shifts for residues 
90-127 are consistent with the region having o-helical content, 
but the extent of the chemical shifts relative to that of random 
coil values was generally not enough to indicate c^helix 
formation via tripartite chemical shift indices. Insufficient 
NOE connectivities exist to conclude that an o-helix is formed. 
The few medium-range connectivities in the segment 90-112 
demonstrate sparse elements of structure. For example, for 
residues 95-100, we have so far identified nine nonsequential 
NOE coimectivities. This implies that some structure exists at 
least transiently. The small number of long-range connectivi- 
ties for the N-terminal segment 90-112 implies that it is largely 
disordered. 

We have so far identified 36 long-range NOE crosspeaks 
involving side-chain resonances for the hydrophobic residues 
in the segment 113-125. An uncommon combination of gly- 
cines and hydrophobic residues . leads to an unusual and 
dynamic structural feature. Most of the NOE connectivities 
indicate that these residues form a hydrophobic cluster with 
substantial backbone reversals permitted by the many glycines; 
indeed Vali^\ Val^^a^ and Leu^^ each exhibit 10 ± 3 long- 
range connectivities. As seen in Fig. 2A, the backbone for this 
cluster is not well defined in spite of the many connectivities. 
This may reflect the true dynamic nature of such a hydropho- 
bic cluster, as the ^^N HSQC spectral linewidths for these 
residues were also about 6 Hz smaller than for the core of the 
protein (ca. 18 vs. 24-25 Hz). Apparently, the combination of 
glycines with hydrophobic residues permits many alternative 
conformations with comparable free energies. 

Some long-range connectivities place the hydrophobic clus- 
ter adjacent to the >9-sheet in contact with the SI strand (Fig. 
2B). The weak, broadened ^^N HSQC spectral signals for SI 
residues Met^^ (32 Hz), Leu^^ (32 Hz), and Gly^^i (44 jjz), 
as well as for S2 residues Tyr^" (33 Hz) and Aiz^^ (33 Hz), 
may well reflect conformational exchange effects in the inter- 
acting hydrophobic cluster pervading the adjacent irregular 
>S-sheet. Taken together, these results suggest that the hydro- 
phobic cluster and adjacent /8-strands constitute a domain with 
marginally stable polymorphic structure. 

DISCUSSION 

The apparent conformational heterogeneity of the N-terminal 
region of rPrP may reflect the process by which PrP^ is 
converted into PrP^. Transgenetic studies suggest that PrP^*= 
formation requires the substrate PrP^ to bind to the product 
PrP^ at an intermediate stage of the conversion process (35). 
PrP^ is thought to be in equilibrium with a metastable 
intermediate, designated PrP*, which binds to PrP^^ in the 
conversion process (36). In fact, destabilization of PrP^ has 
been shown to be necessary for it to bind to PrP^ in vitro 
(37-39). Further evidence for the conformational plasticity of 
PrP comes from unfolding studies of rPrP using guanidinium 
chloride (22). The free energy difference AG2 of 6.5 ± 1.2 
kcal/mol between an intermediate state and the unfolded state 
was found to be comparable to literature values (5-15 kcal/ 
mol) for protein unfolding (40, 41). However, the completely 
refolded rPrP, as used for the present NMR studies, is only 
marginally more stable (AGi = 1.9 ± 0.4 kcal/mol) than the 
folding intermediate, lliis is consistent with the extensive 



planes of the unresolved Val*^ methyl resonances and the Ser^^^ resonances (a-d) and the plane showing the Tyr^^^ amide interaction with 
VaP^ (c). The diagonal peaks and mirrored crosspeaks for each ^H-'H connectivity are shown. The solid lines connecting peaks designate NOE 
connectivities. 
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conformationaJ flexibility evident in the current NMR studies 
for part of the protein. 

The NMR results for rPrP, compared with the structure 
reported for MoPrP(121-231) (20), support the notion that the 
core of the PrP^ structure is formed by parts of helices B and 
C, corresponding largely to the predicted H3 and H4 regions 
(10), and is stabilized by the disulfide, which is essential for 
o^helical folding (18, 22). As seen in Fig. 2, helices B and C 
essentially form one side of the protein structure. This core is 
further stabUized by helix A, which lies across helix C with side 
chains interacting between the two helices (Fig. 2C). Strand S2 
also lies on this side of the protein and interacts predominantly 
with helices B and C as weU as SI. With or without S2 and SI, 
we presume this relatively stable folding core is associated with 
the second unfolding transition. Attempts to prepare Mo- 
PrP( 108-231) resulted in proteolytic cleavage producing Mo- 
PrP( 121-231) (20), indicatwe of a stable core beginning with 
residue 121 (41). Conclusions about the "stable core" of 
MoPrP(121-231), however, must be considered within the 
context of the unstructured loop (165-171) and tfie shortened 
helices B and C It is likely that the structure of MoPrP(121- 
231) corresponds to that of PrPC-JJ, which is formed in 
caveolae during the initial degradation of PrP^ (9, 42) 
Whether the ineligibility of PrP^-H for conversion into Prps^ 
is determined by the disordered structure assumed by the loop 
(165-171) as weU as by the unraveling of helices B and C 
remains to be determined (43). 

The presence of the additional 31 N-terminal residues of 
rPrP, relative to MoPrP(121-231), induces substantial changes 
in the structure of PrP. which include alterations in the C 
terminus. Helix C is extended by at least nine residues, helix B 
is up to seven residues longer, and the loop comprising residues 
^ sufficiently ordered that many long-range restraints 
can be observed. The hydrophobic cluster (residues 113-125) 
predominantly interacts with SI in the ^sheet (Fig. 2) and may 
serve to stabilize the observed extension of helix B from 179 
in MoPrP(121-231) to 172 in rPrP. Stability also may be 
conferred by hydrophobic interactions of Tyr*^ with Tyr^^ in 
the ^sheet, which, in turn, interact with Val"* The relative 
stability of the 165-171 loop and the three additional helical 
turns in helix C presumably are connected to stabilization of 
the other structural elements. 

Strains of prions exhibit different incubation times before 
symptoms of disease appear and different patterns of PrP^*^ 
accumulation. Recent work indicates that the properties of 
'^rS^n^^'*^ ^^^^^ manifestations of different conformers 
of PrP^ (44, 45). Studies on the transmission of human prions 
to transgenic mice suggest that a species-specific factor, pro- 
visionally designated protein X, might function like a molec- 
ular chaperone in PrP^c formation (46). Our current working 
hypothesis is that protein X forms a transient complex with the 
metastable intermediate PrP*, diminishing the activation en- 
S ^^^een Prpc and PrP^c and fadlitating formation 
ol I'rP^ (36, 46). Our analysis comparing the fiilMength helix 
C and ordering of the 165-171 loop in rPrP with the truncation 
of hehx C at Ghi2i7 MoPrP(121-231) is consistent with this 
concept. Recent work suggests SHa residues Gln^^s^ Gln»72^ 
Thr^ , and Gln^i' are at the site of protein X binding (47); the 
glycosylation sites, Asn«i and Asn^^^^^ are apparenUy quite 
^^n ^^5i5°* putative binding site (Fig. 2E). As seen in Fig. 

Thr^ and Gh|2" lie in register one turn apart on helix C 
and interact with the residues in the 165-171 loop. SHa residue 
A ^ ^7 ™ species and corresponds to sheep PrP 
codon 171, which is polymorphic, encoding either Gin or Arg 
^<wt all Suffolk sheep with scrapie were found to be 
Cjln/Gln, indicating that heterozygosity for Arg conferred 
EquaUy important is the observation that 
of PrP alleles in Japanese encode Lys instead of Glu at 
position 219 (57). No cases of Creutzfeldt-Jakob disease have 
been found m people with Lys^i', which, like Arg, is basic. 
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These findings and data on the conversion of mutagenized PrP 
into PrPSc in ScN2a cells suggest that protein X binds to a 
discontinuous epitope, incorporating residues 168, 172, 215 
and 219 in rPrP that is disordered in MoPrP(121-231).' 

Residues where point mutations lead to human diseases are 
highlighted in Fig. 2E. The D178N point mutation in the PrP 
gene causes fatal familial insomnia if residue 129 is Met (4). A 
potentially important difference between the structures of 
rPrP and MoPrP(121-231) lies in the proximity of residues 178 
and 129. The side chains of these residues determine the 
phenotypes of two inherited human prion diseases (58). In 
rPrP, residue 178 lies within helix B and is located opposite 
residue 129 with strand S2 partially intervening. Such geom- 
etry suggests that the D178N mutation destabihzes PrP 
through partially unraveling hehx B and that the conformation 
of mutant PrP^ is modulated by the side chain of residue 129. 
The particular conformation adopted by mutant PrP^ might 
determine in which regions of the central nervous system PrP^ 
is deposited, and thus, be responsible for whether patients 
present with insomnia or dementia (58). When residue 129 is 
Val, then patients present with a dementing illness called 
famihal Creutzfeldt-Jakob disease. In MoPrP( 121-231), res- 
idues 178 and 129 are apparently distant from each other, in 
fact, residue 178 does not even form part of helix B. 

Our structural studies of rPrP underscore the conforma- 
tional plasticity evident in the N-terminal region (19) and 
define important structural features not evident in a smaller 
C-terminal fragment (20). Previous studies, including those 
most recentty performed with rFabs, indicate that the region 
corresponding to the N-terminal 30-40 residues of rPrP 
undergoes a profound conformational change during forma- 
tion of PrPS« (17). This conformational change seems to be 
mediated by protein X, whose binding site on PrP^ was 
dehneated by the structure of rPrP reported here and by 
site-directed mutagenesis (47). 
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Both the purified normal (protease-sensitive) isoform 
of the prion protein (PrP^) (Pergami, P., Jaffe, H., and 
Safar, J. (1996) Anal Biochem. 236, 63-73) and recombi- 
nant prion protein (PrP) have been found to be in mo- 
nomeric form (Mehlhom, I., Groth, D., Stockel, J., Mof- 
fat, B., Reilly, D., Yansiura, D., Willet, W. S., Baldwin, M., 
Fletterick, R., Cohen, F. E., Vandlen, R,, Henner, D., and 
Prusiner, S. B. (1996) Biochemistry 35, 5528-5537; and 
this paper), and therefore PrP^-PrP^ interactions were 
previously unknown. In this report we confirm recom- 
binant PrP to be a monomer by analytical idtracentrif- 
ugation. However, by three lines of evidence (enzyme- 
linked immunosorbent assay (ELISA)» cross-linking 
experiments, and size exclusion chromatography) we 
could also demonstrate that, under native conditions, at 
least part of the native bovine PrP*^ exists as a monomer- 
dimer equilibrium. A bovine PrP^-specific immimo- 
sandwich ELISA was developed and calibrated with re- 
combinant PrP (Meyer, R, K., Oesch, B., Fatzer, R., 
Zurbriggen, A., and Vandevelde, M. (1999) J. Virol. 73, 
9386-9392). By this ELISA we identified a distinct PrP^ 
firaction and partially piuified this protein. When serial 
dilutions of brain homogenate or partially purified PrP^ 
were measured, using the peptide antibody C15S, a non- 
linear dose-response curve was obtained. This nonlin- 
earity was shown not to be due to an artifact of the 
procediure but to a monomer-dimer equilibrium of PrP^ 
with preferential binding of the antibody to the dimer. 
From the curvature we coidd deduce the association 
constant (3.9 x 10® M^* at 37 °C). Accordingly, AG** of the 
reaction was calculated (-48.6 kJ M"^*), and AH° (9.5 kJ 
M~*) as weU as AS^ (0.2 kJ K"* M"^) were extrapolated 
from the van't Hoff plot. When serial dilutions of mono- 
meric recombinant PrP were tested, only a straight line 
was obtained, supporting our hypothesis. Additional ev- 
idence of dimer formation was revealed by Western blot- 
ting of partially purified PrP^ cross-linked by the homo- 
bifunctional cross-linker BS^. Finally, size exclusion 
chromatography of partially purified PrP^ fi:*actions re- 
vealed an additional shoulder not observed with recom- 
binant PrP. The difference in respect of dimer formation 
between native PrP^ and recombinant PrP could be 
explained by the lack of glycosylation of the latter. 



* This work was supported by a grant from the Swiss Federal Veter- 
inary Office and by the Swiss Federal Office for Education and Science 
(Fair5-CT97-3311). The costs of publication of this article were de- 
frayed in part by the payment of page charges. This article must 
therefore be hereby marked "advertisement" in accordance with 18 
U.S.C. Section 1734 solely to indicate this fact. 

§To whom correspondence should be addressed. E-mail: rudolf. 
meyei^tn.unibe.ch. 

This paper is available on line at littp://www.jbc.oig 



The prion protein (PrP)^ was detected in attempts to identify 
the infective agent of transmissible spongiform encephalopa- 
thies (4). Later, several isoforms of this protein were described 
and named, in particular PrP^ (5), either membrane bound (6) 
or soluble (7, 8), and PrP^ (9). All of these isoforms have 
essentially the same amino acid sequence but different bio- 
chemical characteristics. They are sialoglycoproteins (10) with 
two possible glycosylation sites, leading to diglycosylated, 
monoglycosylated, and nonglycosylated forms (11). Membrane- 
bound PrP^ has a phosphatidylinositol anchor by which it is 
boimd to the cell membrane (12). Most of the biochemistry of 
PrP*^ is known from recombinant PrP, because PrP*^ is compar- 
atively rare even in the brain, and only a few micrograms have 
yet been purified (1, 13). Recombinant PrP is a monomer (2); its 
structure has been elucidated by nuclear magnetic resonance 
(14). Membrane interaction (15), copper binding (16), and su- 
peroxide dismutase activity (17) have all been described. How- 
ever, all recombinant PrPs have been cloned and expressed in 
bacterial expression systems. Therefore, they lack both glyco- 
sylation and a phosphatidylinositol anchor. The influence of 
these two posttranslational modifications on structure and 
function is largely unknown. 

Pj.pSc ^ gygjj identical to, the prion, the infective 

agent of transmissible spongiform encephalopathies (18). It is 
not very soluble and mostly aggregated in prion rods or amyloid 
deposits (19). Whereas PrP^ has a high a-helix content, 
^-sheets predominate in PrP^*^ (20), Prions, including PrP®*^, 
are remarkably heat- and protease-stable, making infectivity 
difficult to destroy (21, 22). In spongiform encephalopathies, 
PrP^ is converted into PrP®* by an unknown process (20, 23). 
Some prion diseases, such as familial Creutzfeldt-Jakob dis- 
ease (24), Grerstmann-StrSussler-Scheinker disease (25), and 
fatal familial insomnia (26) of humans, are caused by germline 
mutations of the PrP gene, which facilitate conversion into the 
pathological isoform. Others, such as variant Creutzfeldt- 
Jakob disease and bovine spongiform encephalopathy, have 
been caused by accidental transmission of prions with contam- 
inated food (27, 28). The conversion of PrP^ into PrP^ in 
infected animals involves a conformational change within the 
N-terminal segment of the protein (29, 30). This coxiformational 
change is induced by the presence of PrP®* (31). Several hy- 
potheses exist about the mechanism of this interaction (20). A 
seeding model was proposed, in which a spontaneous, reversi- 
ble thermodynamically controlled conformational change of 



* The abbreviations used are: PrP, prion protein; PrP*^, normal (pro- 
tease-sensitive) isoform of the prion protein; PrP^, pathological (pro- 
tease-resistant) isoform of the prion protein; ELISA, enzyme-linked 
immunosorbent assay; PBS, phosphate-buffered saline containing 137 
mM NaCl. 
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PrP^ to PrP^*^ was postulated. PrP^^ is stabilized only when 
bound to a crystal-like seed or aggregate of PrP^. Seed forma- 
tion is extremely slow, but once a seed is present monomers can 
be added rapidly (20). However, increasing experimental evi- 
dence argues for a more specific interaction of PrP^ with PrP^*^ 
(32). The conversion of PrP^ to PrP^ was inhibited by antibody 
binding to PrP^ in vitro and was interpreted as steric blocking 
of a binding site to PrP^*^ (33). The site of this interaction was 
located on amino acid positions 91-146 using synthetic pep- 
tides (34). Such protein-protein interactions were absent in 
bovine recombinant PrP (34), and highly purified PrP^ has not 
been shown by others to form dimers in vitro (1). Because both 
purified PrP^ and recombinant PrP were found to be present in 
a monomeric form, the PrP^'PrP^*^ interaction was thought to 
require additional factors. It was postulated that in an unin- 
fected ceil PrP^ should exist in equilibrium in its monomeric 
a-helical state or bound to a hypothetical protein X (35). The 
hypothetical protein X, a PrP-binding protein present in brain 
homogenates, would enable dimerization (35, 36) and could be 
a requirement for PrP*^-PrP®*' interaction. The PrP*^-protein X 
complex would then bind PrP®^, creating a replication-compe- 
tent assembly (36). 

By antibody studies to monitor protein expression in native 
bovine brain tissues, we obtained convincing evidence of a 
monomer-dimer equlibrium of at least a fi"action of PrP^. This 
evidence was fiirther confirmed by cross-linking and by size 
exclusion chromatography of partially purified PrP*^. Such pro- 
tein-protein interactions were absent in recombinant protein, 
showing for the first time a biochemical difference in respect to 
the native, glycosylated form. 

MATERIALS AND METHODS 

Preparation of Brain Homogenates — Brain material (thalamus) was 
derived from normal Swiss cattle. Brain tissue from the fish Salmo 
truta and from PrP null mice was used as a negative control and for 
preparing dilutions. Fragments of brain tissue (>0.5 g) were homoge- 
nized in 10 ml of a 320 mM sucrose solution per g (wet weight) with an 
Ultra-Turrax T25 (Janke and Kungel, Staufen, Grermany). The homo- 
genate was cleared by a short (5 min) centrifugation at 7000 X g. 

Recombinant fVP— Recombinant PrP was obtained from Prionics 
Ltd. (Ztirich, Switzerland). Recombinant bovine PrP open reading 
frame was amplified by polymerase chain reaction from genomic DNA 
using the primers 5'-GGGAA TTCCA TATGA AGAAG CGACC AAAAC 
CTTG and 5 -CGGGA TCCTA TTAAC TTGCC CCTCG TTGGTA. The 
resulting product was cloned into pETlla (Novagen). The resulting 
plasmid (pBPrP3) was transfected into Escherichia coll BL21 (DE3). 
Recombinant bovine PrP was purified firom inclusion bodies, after sol- 
ubilization in 8 M urea, 10 mM 3-(N-morpholino)propanesulfonic acid, 
first on a carboxymethyl-Sepharose column and then by reverse-phase 
high pressure liquid chromatography (04 protein column, Vydac). The 
sequence was as follows: MKKRP KPGGG WNTGG SRYPG QGSPG 
GNRYP PQGGG GWGQP HGGGW GQPHG (50) GGWGQ PHGGG 
WGQPH GGGWG QPHGG GGWGQ GGTHG QWNKP SKPKT 
NMKHV (100) AGAAA AGAW GGLGG YMLGS AMSRP UHFG 
SDYED RYYRE NMHRY PNQVY (150) YRPVD QYSNQ NNFVH 
DCVNI TVKEH TVTTT TKGEN FTETD IKMME RWRQ (200) 
MCITQ YQRES QAYYQ RGAS (219). 

Analytical Ultracentrifugation — The sedimentation velocity and sed- 
imentation equilibrium of recombinant PrP were determined in RPB 
buffer (13.7 mM NaCl, 2.7 mM KCl, 1.4 mM KH2PO4, 8.1 mM NagHPO^, 
pH 7.3) using a Beckman model XLA analytical ultracentrifiige 
equipped with absorption optics. A sedimentation velocity run was 
made at 20 "C and 56,000 rpm using 0.15 mg/ml recombinant PrP in a 
12-mm DS Epon cell. Scans were taken at 230 nm during 213 min. 

Two sedimentation equilibriiun runs were carried out at 0.15 and 
0,05 mg/ml in the same cell as mentioned above. Both runs were 
performed at 20 and 22,000 rpm. Records were taken at 230 nm. The 
molecular mass was calculated using a floating baseline computer pro- 
gram that adjusted the baseline absorbance to obtain the best linear fit 
of absorbance versus the square of the radial distance. For calculations, 
a partial specific volume of 0.714 ml/g, a buffer viscosity of 1.001 
centipoise, and a buffer density of 1.001 g/ml were used. 

Anti-PrP Antibodies— For detection of PrP in Western blots and for 



ELISA, two different anti-PrP antibodies were used, one monoclonal 
antibody (6H4) and a rabbit antiserum (015S). C15S was raised against 
a peptide of the bovine PrP sequence (37) (GQGGT HGQWN KPS). Both 
antibodies, 6H4 (30) and C15S, are described in detail elsewhere (3). 
Both could detect PrP^ and PrP^ in immunocytochemistry and West- 
em blot (3). 

Western Blotting — Samples were first separated on either 10 or 12% 
sodium dodecyl sulfate polyacrylamide gels and then blotted on polyvi- 
nylidene difluoride membranes (Millipore). The membranes were then 
blocked for 1 h in PBS-Tween (137 mM NaCl, 2.7 nm KCl, 1.4 mM 
KH2PO4, 8.1 mM NajHPO^, 0.01% Tween 20. pH 7.3) containing 10% 
dry milk. First and second antibodies were diluted 1:1000 to 1:5000 in 
PBS-Tween containing 3% dry milk and successively incubated with 
the membranes afi;er thorough washing with PBS-Tween. Second anti- 
bodies were either swine anti-rabbit immujioglobulins or rabbit anti- 
mouse immunoglobulins (Dako, Glostnip, Denmark) labeled with 
horseradish peroxidase. Detection was carried out with ECL (Amer- 
sham Pharmacia Biotech) according to the provider. 

ELJSA for PrP—ElASA plates were coated by overnight incubation 
with 0.1 ml of carbonate buffer (15 mM NasCOs, 35 mM NaHCOg, 0.02% 
NaNg, pH 9.6) containing 1 /ig of monoclonal antibody 6H4 at 4 *'C per 
well. The plates were blocked with 0.2 ml of RPB containing 0.01% 
Tween 20 (RPB-Tween) and 10% dry milk per well for 1 h at 37 ^C. The 
samples were prepared by diluting bovine brain homogenate (e.g. 200, 
165, 130, 95, 60, and 25 /il) or partially purified PrP to 400 ^1 with 
RPB-Tween additionally containing either 5% dry milk or 1:2 diluted 
PrP null mouse or fish brain homogenate as indicated. All samples were 
incubated at 4, 25, or 37 **C for 45-60 min, except the standard, which 
was incubated solely at 25 **C. Samples were loaded in triplicates to the 
plates (0.1 mlAvell). Incubation was for 1 h at the temperature used for 
sample incubation (if required a standard was run on a separate plate). 
Aft^er washing with RPB-Tween, the bound PrP was quantified by 
successive incubation with two other antibodies (1 h each at 37 ''C). One 
was C15S, and the other was a horseradish peroxidase-conjugated 
swine anti-rabbit antibody (Dako). The rabbit PrP antiserum was di- 
luted 1:500 in RPB-Tween containing 3% dry milk, and the swine 
anti-rabbit antibody was diluted 1:300 in the same buffer. 0.1 mlAvell 
was applied. After incubation the plates were washed with PBS-Tween. 
0.2 ml of 2,2'-azinobis (3-ethylbenzthiazolinesulfonic acid) solution 
(Roche Molecular Biochemicals) per well was added for reaction with 
horseradish peroxidase. The plate was then measured at 405 nm in an 
ELISA reader. The calibration procedure with recombinant PrP is de- 
scribed elsewhere (3). To create a standard, bovine brain homogenate 
was diluted with fish brain homogenate to a concentration correspond- 
ing to 75 ng/ml. A 0.1-ml concentration per well of a 1:2 dilution in 
RPB-buffer of this standard was included in each plate to determine the 
length of the horseradish peroxidase reaction. The A of the plates was 
read when the standard reached an A between 0.900 to 1.100. To allow 
comparison of the results of different plates, zero values were sub- 
tracted first, and then all results were divided by the value of the 
standard. Its optical density (75 ng of PrP/ml) became 1.000 at this step. 

Partial Purgation of PrP^— Pieces of brain tissue (about 10 g) were 
homogenized in 10 ml of a 320 mM sucrose solution per g (wet weight) 
with an Ultra-Turrax T25 (Janke and Kungel). The homogenate was 
cleared by a short (5 min) centrifiigation at 7000 x g. The supernatant 
was separated fit)m the pellet and diluted with RPB-Tween and gua- 
nidine thiocyanate to 0.1 M guanidine thioc^anate. The solution was 
transferred to a 200-ml glass bottle with an airtight metal cap. The 
bottle was incubated in a laboratory oven set at 150 '*C (actual temper- 
ature, 150-160 "O for 20 min. Afl«r cooling to room temperature, the 
homogenate was centrifiiged again for 15 min at 7000 x g. The super- 
natant was dialyzed overnight against RPB-Tween diluted 1:5 with 
distilled water. Finally, the dialysate was concentrated in a vacuum 
evaporator to about one-tenth to one-fift^nth of the starting volume. 
Protein concentration was measured by the bicinchoninic acid (BCA) 
reagent kit obtained fi^m Pierce, and the concentration of PrP*' was 
measured by ELISA. 

Dot Plot Assay — The assay was adapted according to a procedure 
published elsewhere (38). Recombinant PrP, partially purified PrP^, 
and thalamus homogenate were serially diluted in RPB-Tween contain- 
ing 5% dry milk. Samples of 5 fil were applied to nitrocellulose mem- 
branes (Bio-Rad) and air dried. The membranes were transferred to 
RPB-Tween containing 5% dry milk and incubated for 1 h at room 
temperature. 6H4 and rabbit anti-mouse immunoglobulins (Dako), la- 
beled with horseradish peroxidase, were diluted 1:1000 to 1:5000 in 
PBS-Tween containing 3% dry milk and then incubated with the mem- 
branes for 1 h after thorough washing with PBS-Tween. Detection was 
carried out with ECL (Amersham Pharmacia Biotech) according to the 
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Table I 
Partial purification of PrP^ 





Volume 


Total 
protein^ 




Purification 
ofPrP^ 




nU 


mgtml 


ng/ml 




Homogenate 


110 


2.4 


43 


1.0 


Supernatant after heat treatment 


90 


0.6 


37 


3.4 


and centriiugation 










Dialysate 


115 


0.3 


34 


6.3 


Dialysate after vacuum evaporation 


8 


2.2 


262 


6.7 



° As measured by the BCA-assay. 
^ As measured by the ELISA. 
' In respect to total protein. 

provider. 

BS^ CrosS'linking'-The homobilunctional cross-linker bis(sulfosuc- 
cinimidyD-suberate (BS^) was obtained Irom Pierce. A solution of 5 mM 
BS^ in 5 mM sodium citrate buffer (pH 5.0) was freshly prepared. Four 
50-/il samples of partially purified PrP° were diluted with 0, 1.9, 9.5, 
and 38.0 /4I of 5 mM BS^ and water to 95 fiX. After 20 min 5 fJ of 1.5 M 
Tris buffer pH 6.8 was added to all samples to stop the reaction. Fifteen 
min later the samples were mixed 1:2 with sample buffer and analyzed 
on Western blots. 

Size Exclusion Column Chromatography — A 30-cm column having a 
diameter of 1 cm was filled with Macro-Prep S.E. 1000/40 (Bio-Rad) 
according to the instructions of the provider. The column was washed 
and run with RPB-Tween. The typical flow rate was 0.47 ml/min. 
Fractions of 0.75 ml were collected. Calibration was done by running 
reconstituted gel filtration standards (Bio-Rad). For PrP analysis sam- 
ples of 0.75 ml of partially purified PrP*^ were loaded. All 35 fractions 
collected were analyzed for protein by the BCA reagent kit (Pierce) and 
for PrP by ELISA. 

Calculations — For calculations Microsoft Excel was used, and for 
statistics Statistix Analytical software was used. For calculation the 
molecular weight of both the recombinant PrP and PrP^ was assumed 
to be 24,000. 

RESULTS 

A Native PrP^ Fraction Detected by ELISA 

A bovine PrP^-specific immuno-sandwich ELISA was devel- 
oped and calibrated with recombinant PRP (3). To learn more 
about the nature of PrP^ detected by this assay, PrP^ was 
partially purified from normal bovine brain thalamus using the 
ELISA as a purification guide (Table I). In a first step, heat- 
labile proteins were precipitated by heat treatment. Most pro- 
teins, but little of the PrP under consideration, were precipi- 
tated by this procedure. After removing the precipitate by 
centrifugation, the supernatant was dial3rzed and finally con- 
centrated by vacuum evaporation. A Western blot of relevant 
samples is shown in Fig. 1. Bands having approximate molec- 
ular weights of 25,000 and 28,000-35,000 were observed in 
untreated brain homogenate. In partially purified fi-actions the 
patterns of the bands at 28,000-35,000 remained mainly un- 
changed by the heat treatment (compare lanes a and c in Fig. 
1). However, their intensity was markedly reduced (compare 
lanes a and b in Fig. 1), and an at least 7-fold concentration was 
needed to restore it. 

Quantification of the PrP bands of homogenates in Western 
blots (Fig. la) revealed no correspondence with the quantita- 
tive results obtained by the ELISA (Table I), suggesting that 
not aU PrP^ was detected. For further quantification, a dot plot 
assay was used (38). Recombinant PrP, partially purified PrP^, 
and thalamus homogenate were serially diluted, adsorbed to 
nitrocellulose membranes, and tested for PrP^ by immunolog- 
ical methods using 6H4 as the detecting antibody (see "Mate- 
rials and Methods"). The relative amount of PrP in the different 
samples was compared with the known amount of recombinant 
PrP. In brain homogenate, about 10 times more PrP^ was 
detected with the dot blot assay than with the ELISA. But the 
amount of partially purified PrP^ detected both by the dot plot 
assay and by the ELISA corresponded well with each otiier 




Fig. 1. Western blot of partially purified PrP^ (see Table I) on 
a 12% acrylamide slab gel. Lane a, brain homogenate. Western blot 
staining intensity does not correlate in this fraction with the 43 ng/ml 
PrP^ detected by the ELISA, Lane 6, supernatant of the heat-treated 
and centrifuged brain homogenate. 37 ng/ml PrP^ were detected by the 
ELISA in this fraction, and Western blot staining intensity does corre- 
late. Lane c, the same as in lane b but concentrated by vacuum evapo- 
ration to 262 ng/ml PrP^. The position and molecular weight (x 1000) of 
standards are given on the left. The bands were developed with 6H4 
diluted 1:500. 

(Fig. 2). In conclusion, the ELISA detected only about 10% of 
the PrP^ present in untreated thalamus homogenate, and only 
this firaction was actually partially purified. The natvure of the 
remaining PrP^, not detected by the ELISA, was not analyzed 
further. 

Dose-response Curve 

When serial dilutions of PrP^ were measured with the 
ELISA, a quadratic dose-response curve was obtained (Fig. 3). 
The shape of the curve did not depend on the concentration of 
the antibody used nor on the composition of the diluting agent. 
The dose response was linear when the concentration of the 
first, second, or third antibody (1:1000 to 1:100) was varied and 
the PrP^ concentration was kept constant. With no difierence 
in the result, fish brain homogenate, nonfat dry milk (10%), 
and brain homogenate of PrP null mice were tested as diluting 
agents. The bovine brain homogenate could be diluted even 
without added proteins. However, the results were quite incon- 
sistent, and therefore the dilutions were routinely done with 
proteins included in the diluting buffer. 

The dose-response ciurves of PrP^ in untreated brain homo- 
genate and partially purified PrP^ were indistinguishable 
when tested at the same concentration range. But the size and 
curvature of the dose-response curve did depend on the tem- 
perature of the samples at the point of time when they were 
loaded to the ELISA plates (4, 25, and 37 "^C were tested; see 
Fig. 3). We concluded that the nonlinear dose response was a 
property of PrP^ and not an artifect of the assay. 

'Hie quadratic nature of the dose-response ciirve suggested a 
monomer-dimer equilibrium of PrP^, with mostly dimers con- 
tributing to the measured A. To prove this hypothesis, we 
attempted to fit the experimentally obtained A by mathemati- 
cal modeling based on the law of thermodynamics and of mass 
action. 

Accordingly, six different PrP^ concentrations between 0.2 
and 1.6 nM were selected. A sample of each was incubated at 
three different temperatures, 0, 25, and 37 **C, and measured in 
the ELISA. The averaged results of the optical density of at 
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Fig. 2. Semiquantitative dot plot assay of serial dilutions of 
recombinant PrP irPrP\ bovine brain homogenate (thalamus), 
and partially purified PrP^. 5 id of each solution were pipetted at 
each spot. All dilutions were done in 5% dry milk. The concentration of 
purified PrP^ stock solution was 262 ng/ml (Table I). According to 
ELISA measurements the respective concentration was 86 ng/ml in the 
brain homogenate {brain horn.). The plot was developed with 6H4 
diluted 1:500. 



o 37«C 
A 25«C 
o 4'C 



1.0 
nM PrP 



Fig. 3. Nonlinear dose-response curves of PrP^ in respect to 
sample incubation temperature. The diluted samples were incu- 
bated at 4, 25, or 37 before loading to the ELISA plates. For each 
point the average and the standard deviation of at least three independ- 
ent experiments are shown. The lines represent calculated values. 
Calculations were done according to a dimer-monomer equilibrium 
model of PrP^, with A = a-PrPaJ. For the calculation of [PrPal see 
"Results". 



least three independent experiments were used for subsequent 
calculations (Fig. 3). In this respect, the total concentration 
(nM) of soluble PrP^ in each of the samples was designated "c", 
the monomer concentration was designated *[PrP]," and the 
hypothetical dimer concentration was designated "[PrPJ." 



c = [PrP] + 2-[PrP2] 



(Eq. 1) 



According to our hypothesis, A should obey equation 2, 

A = a-[PrP2l (Eq.2) 

where a is a proportionality constant representing the effi- 
ciency of PrP^ binding to 6H4, of C15S binding to PrP^, of the 
swine antibody binding to the rabbit antibody, and finally the 
horseradish peroxidase color reaction. 

In addition, [PrPl and [PrPg] are connected by the law of 
mass action with the association constant K (equation 3). 



[PrP2] = A:-[PrPp 



(Eq. 3) 



With known K, both [PrP] and [PrPJ can be calculated for each 
dilution c by first solving the quadratic equation 4 (a combina- 
tion of equations 1 and 3) for [PrP] and then introducing the 
results into equation 1 or 3. 



2-/ir-[PrPf + [PrP]-c-0 



(Eq. 4) 



With [PrP] and [PtP^ known, a can be calculated by fitting the 
results with the experimental values. To get an estimate for 
appropriate K values, we combined equations 1, 2, and 3 to 
create equation 5. 



A/a = K-{c- {2- {A/aW 



Using each set of A values obtained at the three different 
incubation temperatures, we searched for values of a for which 
a plot of A/a versus (c - (2'(A/a)))^ yielded a straight line 
through the origin with the slope K (Fig. 4). For most v£dues of 
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0.40 




0.40 




Fig. 4. To find the values of the dissociation constant K for 
each of the three temperatures tested (4 (a), 25 (6), or 37 ^^C (c)), 
the respective A was divided by a selected value ofaiy axis) and 
plotted against (c - (2-(A/a)))' ix axis). The value of a (1.7 nM~^ at 
4 °C, 2,5 HM"^ at 25 *C, and 3.1 nM"* at 37 *C) was chosen such that the 
resulting values could be connected by a straight line by linear regres- 
sion with the slope ^(0.25 nM** at 4 "C, 0.33 nM""* at 25 *C, and 0.39 
nM"* at 37 *C). 

a, bizarre nonlinear plots were obtained. However, when using 
1.7 nM-i (4 •C), 2.5 nM"^ (25 **C), and 3.1 nM^^ (37 ^C) for a, 
straight lines were obtained having slopes (K) of 0.25, 0.33, and 
0.39 nM~^, respectively (Fig. 4). As shown in Fig. 5, a plot of In 
ay versus 1/T yielded a straight line. In Fig. 3 the calculated 
dose-response curves are superimposed to the average of the 
experimental values. 

When freshly prepared dilutions were incubated less than 30 
min at the selected temperatur^ before loading to the plates, 
the resulting A was usually higher than calculated (data not 
shown). 

Calculation of the Change in Free Energy of the PrP 
Monomer-Dimer Equilibrium 

The formula AG° = -RT In K was used to calculate the firee 
energy of the dimerization reaction. The result was a change in 
free energy of AG° = -48.6 kJ (with K = 0.33 nM"^ at 
25 **C). To obtain the change in enthalpy (AH**) and entropy 
(AS*) of the equiHbrium reaction, In K-p versus 1/T was plotted 
(van't Hofif plot) (Fig. 6). The respective values were calculated 
form the slope and the intercept of the linear regression. The 
values obtained were 9.5 IsJ M"^ for MP and 0.2 kJ iiT-^ M"^ 
for AS^ 



(Eq. 5) Other Experiments Supporting PrP Dimer Formation 



Recombinant PrP— Recombinant PrP has been reported to 
be a monomer by others (2, 39, 40). For verification, we inves- 
tigated the aggregation of recombinant PrP by sedimentation 
velocity and sedimentation equilibrium. Both tiie resulting mo- 
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1/r 



0.0036 0.(X)37 



Fig. 5. The values of In a (with a = 1.7 nM~^ at 4 2^ nM~^ at 
25 **C, 3.1 nM**^ at 37 ^C) are plotted against the inverse of the 
absolute temperature. A straight line is obtained. 
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1/T 

Fig. 6. vanH Hofif plot of hi K (with K = 0.25 nM"* at 4 *C, 0.33 
nM-^ at 25 ''C, and 0.39 nM"^ at 37 **C) against the inverse of the 
absolute temperature. 



lecular weight of 25,000 and the sedimentation coefficient of 
= 2.1 gave no proof of dimerization or aggregation. When 
serial dilutions of recombinant PrP were tested in the ELISA, 
a linear, comparatively weak signal was observed (Fig. 7, rec- 
tangles). With PrP^ these assay conditions resulted in a quad- 
ratic dose-response curve (Figs. 3 and 7), suggesting that 
mostly dimers contribute to the signal (equation 2). Because 
dimers were not present in recombinant PrP, equation 2 was 
adapted to equation 6. 



Arftp = 7 • CrPrP = y • [rPrP] 



(Eq. 6) 



From the slope of the linear regression, the proportionality 
constant y was calculated to be 0.1 nM"^ at 25**C. All the 
results with (bovine) recombinant PrP described above did not 
depend on the protein composition of the diluent in which the 
protein was dissolved. The s£une outcome was observed when 
either 10% dry milk or brain homogenate from fish or PrP null 
mice was used. 

Size Exclusion Column Chromatography and Cross-linking 
of PrP^ — ^To get additional evidence of the dimerization reac- 
tion besides dose-response curves, partially purified PrP^ was 
cross-linked by adding the homobifunctional cross-linker BS^ 
and analyzed on Western blots. No high molecular weight 
bands were observed without the cross-linker (Fig. 8, lane a). 
Additional bands at the molecular weight of PrP^ dimers be- 
came visible when the samples had been incubated with the 
cross- Linker (Fig. 8, lanes b-d). The distribution and intensity 
of those bands was varied with the effective BS^ concentration. 
In the untreated sample PrP bands were observed at molecular 
weights of about 28,000, 33,000, and 35,000. When 0.1 mM BS^ 
was added one additional band appeared atM^ 63,000. With 0.5 
mM BS^ two additional bands appeared, at Af, 63,000 and 
76,000. With 2.0 mM BS^ four additional bands at 63,000, 




Fig. 7. Dose-response curves of recombinant PrP. The values 
(rectangles) are connected by a straight line having the slope of 0.1 
nM~^ The calculated A obtained with PrP^ under the same conditions 
is also shown. 
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Fig. 8. Western blot of partially purified PrP^ (see Table I) on 
a 10% polyacrylamide slab gel without ilane a) and with the 
cross-lixiker BS' added ilanea b-d). Samples of partially purified 
PrP^ were diluted with 5 mM BS^ in sodivun citrate. After 20 min 1.5 M 
Tris buffer was added to the samples to stop the reaction. The samples 
were then mixed with sample buffer and analyzed. Lane o, partially 
purified PrP^, no BS^ added; lane 6, 0.1 mM BS^ added; lane c, 0.5 mM 
BS^ added; lane d, 2.0 mM BS^ added. The positions of molecular weight 
standards are given on the left, 

76,000, 97,000, and at the top of the gel were observed with a 
significant reduction of the staining intensity of the PrP bands 
of lower molecular weight. 

For additional verification of the PrP monomer-dimer equi- 
librium, size exclusion column chromatography was performed 
on a Bio-Rad Macro-Prep S.E. 1000/40 column. The column was 
caUbrated with protein standards. Partially purified PrP^ was 
run over the column, and each firaction was analyzed both for 
protem by BCA and for PrP by ELISA. As shown in Pig. 9, the 
main peak of PrP was between the position of ovalbumin (M^ 
44,000) and myoglobin (M, 17,000). However, about 30% of the 
PrP detected ran as a shoulder in front of the 44,000 marker 
but behind gamma globulin (Af, 158,000), indicating the pres- 
ence of PrP polymers. The PrP^ ft-actions eluted fix)m the 
column still behaved like a monomer-dimer equlibrium, as 
judged from the results of ELISA dose-response experiments. 
The size exclusion column profile with recombinant PrP was as 
published elsewhere (40), with no shoulder observed. 

DISCUSSION 

In the present study we used an antibody binding assay, 
cross-linking experiments, and column chromatography to in- 
vestigate a monomer-dimer equiUbrium of bovine brain PrP^. 
Such protein-protein interactions were absent in bovine recom- 
binant PrP, indicating that this protein does not reflect all 
aspects of PrP^ in animal tissues. 

A distinctive PrP^ fraction was identified by our PrP-specific 
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Fig. 9. Size exclusion column chromatography of partially pu- 
rified PrP^. Each fraction was measured for protein by the BCA 
protein assay {dotted line) and for PrP by the EliSA {solid line). The 
peak fractions of the molecular weight markers thyroglobulin (670,000), 
gamma globulin (158,000), ovalbumin (44,000), myoglobin (17,000), and 
vitamin B-12 (1350) are shown by triangles. Arrow, high molecular 
weight fraction of PrP^./ir., number. 



ELISA procedure. The PrP*^ in question could be separated 
from other PrP^ by heat treatment in the presence of 0.1 m 
guanidine thiocyanate and subsequent centrifugation. The use 
of bovine brain, instead of c.^. mouse brain, had the advantage 
that large amounts of precisely specified tissue (thalamus) 
were available. The quantitative difference in PrP^ content 
between untreated and partially purified samples was revealed 
by a semiquantitative dot plot assay (Fig. 2) and by Western 
blots (Fig. 1). Accordingly, only about 10% of total PrP^ was 
selectively purified by the heat treatment method, and only 
this fraction was detected by the ELISA in brain homogenates 
(Table I). The remaining PrP^ was removed together with 
membranes, cellular fragments, and other proteins. Most likely 
the purified PrP^ was soluble, either secreted (41, 42) or re- 
leased during homogenization. A soluble form of PrP^ was 
described for human cerebrospinal fluid (8). In our Western 
blots the main difference afi:er purification was a missing band 
at Afj 25,000 (Fig. 1). This band probably represents the un- 
glycosylated PrP^ usually enclosed in the ceU lumen (11, 43) 
and was precipitated together with other intracellular proteins. 
It is difficult to discriminate between native and denatured 
PrP^ in the absence of an accepted assay for PrP fiinction, but 
usually in the absence of added detergents proteins remaining 
in solution are not denatured. Therefore the PrP^ detected 
seems not to be denatured by the treatment, and its heat 
stability was comparable with that of the infective PrP isoform 
PrP^ (21, 22). 

Quantification of ELISA results is difficult with nonlinear 
dose-response curves. We observed such a curve in our PrP*^- 
specific ELISA (Fig. 3). We thoroughly investigated the cause of 
this nonlinearity. In a first series of experiments we excluded 
artifacts caused by protease digestion, by the diluting agent, or 
by other experimental procedures. We verified that it was not 
connected to the antibody concentration. We finaDy concluded 
it had to be an intrinsic property of the detected PrP^. The 
quadratic nature of the curve suggested a monomer-dimer 
equilibrium of PrP^ as the most likely explanation, with most 
of the antibody binding to the dimeric form. Based on this 
hypothesis, we were able to describe the nonlinear dose-response 
curve by the law of mass action and by the law of thermodynam- 
ics. We predicted, for example, that according to the law of ther- 
modynamics both the intensity and curvature of the results 
should be dependent on the temperature of the sample at the 
time of its incubation on the plates. This actually was observed 
and was a main argument for fiirther investigations. 

The conclusion was fiirther supported by a linear dose-re- 
sponse curve obtained when recombinant PrP was tested imder 



the same conditions (Fig. 7). If the nonlinear dose response was 
evidence of PrP^ dimerization, then the linear dose response of 
recombinant PrP should be evidence of a monomeric form. We 
have shown by equilibrium centrifiigation that recombinant 
PrP is indeed present as a monomer, as suggested by others 
(39, 40). In addition, with recombinant PrP the proportionality 
constant {y in equation 6) was only 4% of that observed with 
tissue-derived PrP^ (a in equation 2). Therefore, the afiinity of 
the antibody to PrP monomers was only about 4% as compared 
with PrP dimers, allowing monomers to be omitted in equation 
2. We do not know why C15S would preferentially bind to 
dimers. The most logical explanation for this phenomenon is 
that both antibody-binding sites are used because of the close 
proximity of two epitopes. Such a constellation would be pres- 
ent in a dimeric form of PrP^. 

Mathematical replication of the quadratic dose-response 
curve revealed the dissociation constant K of the monomer- 
dimer equilibrium reaction of PrP*^. This value should be re- 
garded as an approximation because the experimental error of 
the data was up to 15% (3). However, the value co\ild be fitted 
accurately in a van*t Hoff plot (Fig. 6). The calculation of the 
free energy (AG* = -48.6 kJ M'^). enthalpy (AH* = 9.5 kJ 
M"^X and entropy (AS' = 0.2 kJ K"^ M"^) of the equilibrium 
reaction revealed ranges not unusual for protein-protein inter- 
actions. The temperature dependence of the proportionahty 
constant a (equation 2) represented the temperature-depend- 
ent binding of PrP to 6H4. Only at this step the temperature of 
sample and incubation was varied, and the affinity of all other 
antibodies was not supposed to change therefore. Accordingly, 
a increased with increasing temperature and obeyed van't Hofif 
equations. A plot of 1/T versus In a yielded a straight line (Fig. 
5). 

The hypothesis of a monomer-dimer equiUbrium of PrP^ was 
further confirmed by cross-linking experiments and size exclu- 
sion chromatography. Addition of the cross-linker BS^ to par- 
tially purified PrP^ resulted in additional bands having the 
molecular weight of PrP dimers (Fig. 8). Without the cross- 
linker added such bands were not visible in Western blots (Fig. 
8, lane a), probably because the samples are denatured by 
mixing with sodium dodecyl sulfate and heating before electro- 
phoresis. Detergents and denaturation obviously inhibit dimer 
formation because previously purified PrP^ was in monomeric 
form (1). BS^ is a homobifimctional cross-linker, which cross- 
links primary amines. In proteins this is predominantly lysine 
(Pierce, product description). Bovine PrP has 11 lysines, with 
only one of them located within the signal sequence, i.e. there 
are ample possibilities for BS^ cross-linking. With a spacer 
length of 11.5 A, only proteins rather close to each other are 
cross-linked. Even in the partially purified firactions, PrP^ is 
outnumbered by more than 8000 (by weight) by unrelated 
proteins (Table I), thus arguing against unspecific cross-linking 
of PrP molecules simply by chance. With iucreasing BS^ con- 
centration, additional bands appeared, with the concomitant 
disappearance of the monomeric PrP. But even with a rather 
high BS^ concentration (2 mM), PrP monomers were still ob- 
served, as would be expected for a monomer-dimer equilibrium, 
which always has some unboimd monomers (Fig. 8, lane d). 

We also performed size exclusion chromatography with par- 
tially purified PrP^ on a calibrated column. The advantage of 
this technique is that it reveals the molecular weights of the 
native proteins. The shortcoming is a rather steep exponential 
molecular weight gradient. As expected, the peak of soluble 
PrP^ appeared just behind ovalbumin (M, 44,000), as did re- 
combinant PrP (40). But as much as 30% of loaded PrP^ ap- 
peared in a broad shoulder located between gamma globulin 
(Mj. 158,000) and ovalbiunin (Fig. 9). This shoulder was never 
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observed with recombinant PrP. Because of the monomer- 
dimer equilibrium, faster-moving dimers will dissociate when 
they separate from the monomer pool, resulting in a deforma- 
tion of the monomer peak toward higher molecular weights and 
not necessarily in the formation of an additional peak. There- 
fore, the existence of a PrP^ monomer-dimer equlibrium was 
supported by two additional and independent experiments. 

The most obvious difference between tissue-derived PrP^ 
and recombinant PrP is the lack of glycosylation of the latter. 
Probably, a specific PrP conformation is induced by carbohy- 
drate addition, exposing the amino acids responsible for the 
dimerization reaction (33). However, highly purified PrP^ has 
not been shown by others to form dimers in vitro (1). This 
obvious lack of dimerization could be explained either by de- 
naturation during the purification process due to the use of 
high detergent concentrations, A PrP*^ dimerization has been 
described for neuroblastoma cells (44), but the PrP dimer ob- 
served by these authors was covalently cross-linked. We spec- 
ulate that the cross-linking was enzjmiatically induced by the 
tissue culture cells used. 

Our results showing a spontaneous PrP^ monomer-dimer 
equihbrium support the concept of PrP dimer and heterodimer 
formation in prion propagation (32). Knowledge of the compo- 
nents involved in PrP interactions may not only allow the 
prediction of interspecies transmission of prion diseases but 
will also reveal possible points of intervention to interrupt the 
process of prion propagation. 
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Abstract 

BKkground: Transmissible spongiform encephaJopathies (TSEs) are neurodegenerative diseases 
affecting both humans and animals. They are associated with post-translational convereion of the 
normal cellular prion protein (PrPC) into a heat- and protease-resistant abnormal isofbrm (PrPSc) 
Detection of PrPSc in individuals is widely utilized for the diagnosis of prion diseases. 
Methods: TSE brain tissue samples have been processed In order to quantitatively isolate PrPSc 
The protocol includes an initial homogenization, digestion with proteinase K and salt precipitation. 
Results: Here we show tiiat over 97 percent of tiie Pri>Sc present can be precipitated from 
infiBcted brain material using this simple salting-out procedure for proteins. No chemically hareh 
conditions are used during the process in order to conserve the native quality of the Isolated 
protein. 

Conclusion: The . resulting PrPSc-enriched preparation should provide a suitable substrate for 
analyzing the structure of the prion agent and for scavenging for other molecules with which It may 
associate. In comparison with most methods that exist today, the one described In this study is 
rapid, cost-efFective and does not demand expensive laboratory equipment. 



Background 

Scrapie, bovine spongifbiin encephalopathy (BSE) and 
Crcntzfeldt-Jakob disease (CJD) are all related transmissi- 
ble spongifoim encq>halopathieSr the common major 



causative agent of which is belie\red to be a protease- and 
heat-resistant beta-sheet rich isofbrm (PrPSc) of the nor- 
mal cellular prion protein (PiPC) [l]. The patho-physio- 
logical identic of the infectious agient has not been 
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understood so for, aithou^ there is suffident proof that 
the conversion of PrP^ to PrP^cpiays a audal role during 
pathogenesis [2]. Clinically, the disease is characterized by 
long incubation periods which, as in the recent crossover 
of the bovine spongiform encephalopathy (BSE) agent to 
humans, may be prolonged further ^v^en the disease is 
t r a nsmi tted from one species to another. Necropsy find- 
ings firom TSE cases generally show accumulation of PiP^ 
in the brain, accompanied by extensive neuzodcgenera- 
tion, which is also the major cause of &tality. Similar de- 
posits have been demonstrated as weli in some of the 
peripheral oigans and the lymphoreticular compartment 
in certain spedes [3,4]. Today, the ultimate confirmation 
of the disease comes only after post-mortem examination 
of the brain, even though extensive research being carried 
out in the field oSexs hope for pre-dinical diagnosis 
throu^ the detection of PrPC in tonsils or body fluids. 

Clini ra l signs of neurodegeneration, supported by the 
presence of characteristic microscopic lesions and PrP^c in 
the brain [5] are signs that eventuaUy lead to the diagnosis 
ofTSEs. As well, the Hiniral indications, histopathological 
symptoms and ^ycoform pattem of PrPSc isolated fixim 
esqjerimental animals are typical of the 'strain' or spedes 
origin of the inoculioms [6], A number of in vitro assays 
have been reported for the detection of PrP^^ in the tissue; 
induding the dot-blot immimoassay, enzyme-linked im- 
munosorbent assay (EIISA), immunocytochemistiy. 
Western blot analysis, and recently, capHlary dectro- 
phoresis [7-12] . At present the template soiuce of PrPSc 
for all these procedures is either the cmde brain homoge- 
nate or a harshly processed preparation called scrapie as- 
sodated fibrils (SAF). While these procediu^ take 
relatively less time to perform, in vivo bioassays requiring 
the inoculation of laboratory animals sudi as mice or 
hamsters with the infected material have been used over 
the years for the detection of prion diseases. The main dis- 
advantage of the bioassay technique however, lies in the 
lengthy incubation period that incurs between inocula- 
tion and appearance of Hiniral symptoms, compounded 
by the expense of maintaining large animal colonies. 
Therefore; sdentists working in the field of prion diseases 
most often prefer in vitro methods of diagnosis when there 
is no absolute requirement to use laboratory animals. 

In order to routinely detect PrP^ in specimens, reliable, 
quantitative and yet relatively simple protocols are neces- 
sary for its isolatioiL Here we report that over 97% of total 
PrPSc in a brain sample may be detected in vitro following 
an exceptionally short and simp le predpitation method 
of enrichment for the protein. The method was validated 
within a European Uruon consortiimi of several laborato- 
ries for standardization of the diagnosis of BSE and scrap- 
ie by estimating the limiting dilution of detection of PrP^c 
firom infected brain. Using multiple pr^arations from 



five different spedes, we also showed that the method de- 
scribed herein concentrated PrP^ without altering the 
PrP^ g^coform pattern, a quality that makes this proto- 
col suitable for glycotype analyses for spedes or strain 
identification of the infectious agent 

Methods 

Experimental material 

Infected bxain tissues fiom mouse scrapie, strain ME7, 
were obtained fi-om FRCVD, Tubingen, Germany and 
mouse BSE, strain 301 V fiom VIA, Weybridge, UK Brain 
tissues fiom sheep with natural scrapie or normal sheep 
were obtained fix>m the School of Veterinary Medicine, 
Aristotie University, Ihessaloniki (courtesy Prof O. Papa- 
dopoulos). BSE brain samples were obtained from VIA, 
Weybridge, UK and the hiiTnan CfD brain samples came 
from recently reported cases of sporadic CJD (sCJD) fixjm 
within Greece [13]. All tissues were stored at -70°C until 
use. Autolytic deterioration was observed only in tissues 
fix)m the BSE cases due to handling during transportation 
etc. Area of choice of the tissue for each spedes depended 
on relevant data from our own and other laboratories. 

Homogentzation 

A 10% homogenate of the tissue was prepared in cold ho- 
mogenization buffer {0.5% IGEPAL CA-630 (NP-40) and 
0.5% sodium deozycholate in phosphate buffered saline, 
pH 7.4] using a polytron homogenizer (Kinematica, Swit- 
zerland) at setting 4, twice for 6 seconds each. For limiting 
dilution experiments, the polytron was replaced with the 
OnmiGLH homogenizer (CAMIAB, UK) which worked 
equally well with disposable probes, a very useful &ctor to 
be considered while attempting multiple homogeniza- 
tions with large number of samples. All homogenates 
were stored in aliquots at -70**C until use and thawed only 
once. 

Proteinase K treotment 

On the day of use, 100 ^1 of homogenate was diluted with 
an equal volimie of the homogenization bu£fer and incu- 
bated witii proteinase K (Sigma-Aldridi) for 1 hour at 
37**C with mild rocking. Concentrations of proteinase K 
used varied with the spedes and are provided separatdy 
with each figure. The reaction vras stopped by the addition 
of 5 mM PMSF CSigma-Aldrich), a protease inhibitor. 

Precipitation ofPrP^ 

The proteinase K digestion mixture was diluted with 300 
|xl phosphate buffered saline (PBS) pH 7.4 and brou^t to 
10% NaQ by the addition of an equal volume of 20% 
NaCl in PBS containing 0.1% sarkosyL The tube was kept 
in ice for 10 minutes with occasional shaking. After cen- 
trifiigation at 16,000 g for 10 minutes at room tempera- 
turcr the pellet was washed once with 25 mM 'nis-HQ 
buffer, pH 8.8 containing 0.05% sarkosyl (w/v) and cen- 
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trifiiged again at 16«000 g for 10 minutes. Hie final, en- 
riched pellet was then resuspended in 2.5x loading bu£kr 
10% v/v glycerol, 50 mM Tris pH 6.8, 2% w/v SDS, 3% p- 
mercaptoethanol and used for detecting PrpSc by western 
blotting. Normally, for a starting voliune of 100 ^1 ho- 
mogenate (10 mg brain equivalent) the final pellet was re- 
suspended in the same volimie (Le, 100 ^) of loading 
buffer, ofvtoch 30 ^1 (3 mg brain equivalent] was loaded 
per lane for the western blot analysis. . 

In Older to estimate any loss of PrPSc diiring the extraction 
procedure, total proteins in the supematants from both 
the predpitatipn step and the wash step were precipitated 
with 9 volimies of methanol ovemi^t at -70**C. After cen- 
trifiigation at 16,000 g, the supematants were tWaran^^ 
and the pellets resuspended in loading buffer (see above] 
and used for western blot detection of PtPSc as described 
below. 

Potfacryiamlde gel electrophoresis and western blotting of 

Proteins were subjected to electrophoresis using a 12 or 
15% Laemmli sodiimi dodecyl sulfite polyacr^amide gel 
(SDS-PAGE) and transferred to a PVDF membrane (Sig- 
ma-Aldiich) and incubated with the primary antibody for 
1 hr. This was followed by washes with PBS, pH 7.4 and a 
further incubation for 35 minutes with the corriKponding 
secondary antibody. All incubations and washes were 
done at room temperature. The primary antibodies were 
SALl (manuscript in preparation), or 6H4 (Prionics AG, 
Switzerland] depending on the spedes being tested. De- 
tails of the use of primary and secondary antibodies is giv- 
en in the figure legends. Following three washes of 15 Tnin 
each, the reaction was visualized using the GDP star (New 
Englan d Biolabs] diemiluminiscence detection technique 
according to manufecturer's instructions. The membranes 
were e^osed to X-OMAT (Kodak) X-ray films for between 
5 seconds to 5 minutes d^endin^ on the degree of posi- 
tivity in the starting mat pri g] 

The films were scaimed (Hewlett Packard ScanJet 6300G] 
and the positive signal analyzed and expressed as integrat- 
ed optical density (lOD) n^ing the Gel-Pro Analyzer 3.0 
software. Ihe percentage recovery of PrP^c in the final pel- 
let (P) was then calculated using the formula: 



IOD(P)xl00 



IOD{Wl)+IOD(\V2) + IOD(P) 



Where P is the final pellet, Wl is the supernatant after salt- 
predpitation and W2 is the supernatant after the firud 
wash. 



Silver staining for total proteins 

Ihe initial cmde homogenate, pellet after the final wash, 
and the supematants after salt precipitation and the final 
wash, the latter two precipitated in 9 volmnes of metha- 
nol at -70°C, were subjected to electrophoresis using an 
SDS-PAGE system as described earlier. To avoid overload- 
ing the gel, ten times less brain equivalent (0.3 mg) was 
loaded for the cmde homogenate than for the other sam- 
ples (3 mg each). Ihe procedure used for stainir^ was a 
standard method [27]. In short, the gel was fixed in 50% 
methanol and 12% (v/v) acetic add for 1 hour, followed 
by incubation in 10% ethzinol and 5% acetic add (v/v) for 
another hour. Ihis was followed by tr^tment v^th 3.4 
mM potassium didiromate in 2.8 mM nitric add after 
vrfbidi the gel was washed with distilled water and incu- 
bated for 30 min with shaking in 20% (w/v) silver nitrate. 
The reaction was developed in 3% sodiimi carbonate con- 
taining 0.5 ml formaldehyde 37% (paraformaldehyde) 
per liter and stopped by the addition of 2.3 M dtric add 
when the bands were deady visible. Intensities of the 
lanes due to total proteins were estimated as described 
above. 

Estimation of the degree of brain positMty for scrapie and 
BSE 

Pooled homogenates of cerebellum fi-om scrapie positive 
sheep (PI) or brain stems &om BSE positive cattie (P2) 
were prepared as described above. Similariy, homoge- 
nates were also prepared from healthy sheep (Nl) or 
healthy cattle (N2). In order to achieve different degrees 
of tissue positivity, PI and P2 were iiutially diluted up to 
50% or 6.25% with Nl and N2, respectively, and the re- 
sulting mixtures then used for predpitating PtP^ as de- 
sdibed in the steps above. Undiluted PI and P2 served as 
positive conUols (100% positivity) whereas Nl and N2 
served as negative controls for these experiments. Prior to 
loading on the NuPage (Invitrogen) western blotting sys- 
tem, the final peUet fix>m each sample was subjected to 
eleven 2-fold serial dilutions with loading buffer. Ihe 6H4 
monodonal antibody was used to detect PrP^ on a PVDF 
membrane and the positive signal was analyzed on a Bio- 
Rad Huor-S multiTmager (Bio-Rad, USA). 

Precipitation of PrP^e from different species 

The validity of the current protocol to enrich for PrP^c 
from different spedes and its use in g}.ycot3q)in& the tedi- 
nique currendy employed for spedes and strain identifica- 
tion, was examined using both experimental and native 
TSEs. Homogenates of mouse scrapie or mouse BSE vvdiole 
brain, native sheep scrapie cerd^ellimi, BSE brain stem or 
sporadic QD cortex were used for this purpose. PrP^was 
predpitated from all spedes using 10% sodium diloride 
as described above and detected on a westcm blot using 
the polydonal antibody SALl. In order to peribrm glyco- 
form analysis, band intensities of the double-, mono- or 
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non-glycosylated isofoims wa^ detennined in each sam- 
ple and each ^ycofozm was eaq^ressed as a percentage of 
the total signal obtained. 

Results 

Percentage recovery ofPrP^ in the final pellet 
The migration pattem of PiP^ in the final enriched pellet 
(P) and in the supematants fiom the salt-piedpitation 
(Wl) and wash (W2) steps fix)m a sheep scrapie sample is 
shown in Figure la. Loss of PrP^ in the discarded super- 
natants in the two preceding steps was estimated to allow 
the calculation of the degree of its recovery at the end of 
the procedure. PrP^^^^edfic signal was discemed as the 
classical three-band pattem representing the double-, mo- 
no- and non-giycosyiated isofbrms, each of which was 
typical of the individual species studied. Hie sum of the 
signals obtained from P, Wl and W2 accoimted for total 
PrPSc in the starting material, and the percentage recovery 
of PrP^ was calculated as described in Methods. As shown 
in the inset table; as mudbi as 97.4% of PrPSc was fotmd in 
the pellet with minimal loss in the supematants, either 
from the precipitation (2.08%) or the final wash step 
(0.5%). Tliese calculations are indicative fix)m this partic- 
ular experiment whereas variability of the recoveries is 
approximately 2%. 

Estimation of total proteins using sihfer stain and estfmo- 
tioii of the degree ofpurifica^on ofPrP^ 

Figure lb shows staining for total proteins in the crude 
homogenate (H) and in the fiactions P, Wl and W2 that 
were produced througb the sodium salt precipitation pro- 
cedure, each expressed as integrated optical densities 
(lOD). Most cellular proteins remaining after protease K 
digestion were present in supernatant Wl tiiat was dis- 
carded after salt precipitation, leaving relatively few pro- 
teins in W2, the supernatant from the wash, and in the 
final pellet, P. Intensity in lane H represents signal due to 
total proteins in 0.3 mg brain equivalent of the initial 
cmde homogenate (the brain equivalent amoimt loaded 
with the total homogenate was ten times less in order to 
enable smooth running of the gel). All other lanes contain 
3 mg brain equivalents each. Hie inset table shows values 
for intensities in lanes H and P, and gives the degree of pu- 
rification of PrP^ in lane P as a result of enrichment. As 
may be seen, the lOD value in P (3 1.89) is 2 logs less than 
in H (3121.5) indicating an 100-fold reduction in total 
proteins in P. In conjimction with Figure la, where 97.4% 
of the total PrP^c is shown to be present in P, it is dear that 
the degree of purification of PrPSc in the final pellet was a 
hundred times that of the initial homogenate, H. 
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Figure I 

Comparison of PrP^*: and total protein during the 
enrichment process. A) Western blots depicting the 
migration pattem of PrPSc in the final enriched pellet (P) and 
in the supematants after the precipitation (Wl) and the wash 
(W2) steps in native sheep scrapie. Total proteins In W I and 
W2 were precipitated with 9 volumes of methanol over night 
at '70°C. SAL I (1:3000) was used as the primar/ antibody 
and alkaline phosphatase labeled goat anti-rabbit IgG (1:1 500, 
Roche) as the secondary antibody. Each iane contains 3 nr^ 
brain equivalent. The table shows percentage recoveries of 
PrPSc in P, Wl and W2. The estimations were made by first 
determining the values for integrated optical density (lOD) 
due to PrF^ for each lane. The sum of the values In P. Wl 
and W2 was then taken to be one hundred percent total 
PrPSc In the starting material. Values due to PrP^c in each of 
P, Wl and W2 were then deduced as percentages of the sum 
total as described in Materials and Methods. Proteinase K 
used was 30 |ag per ml homogenate. B) Silver staining of H 
(starting undigested homogenate), P, Wl and W2 run on a 
SDS-PAGE system. Ail lanes contain 3 mg brain equivalent 
loads except for lane H which contains 0.3 mg of the same. 
Molecular weight markers are shown In lane M. It may be 
noticed that the some of the proteins present in H are also 
present In Wi, in the discarded supemacant after the precip- 
itation step. L.anes P and W2 contain few detectable proteins. 
The table provides a quantitative estimation of the d^ee of 
purification of PrP^ in P after taking Into account, signals due 
to total proteins in lanes H and P respectively. 
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Comparison of signal detection after blending PrPSe positive and negative homogenates in different ratios in 
^J!}^^ . ^" ^""^ western blot analysis is shown for 100% positive tissue (top panels); 50% posl- 

Qve tissue (middle panels); and 6.25% positive tissue (bottom panels). Antibodies used were 6H4 (1:5000) and alkaline phos- 
S^^i^J^ anti-mouse (1:5000). both from Prionics. Unes shov« C- 10% negative brain homogenate. unprocessed 

and wrtiiout proteinase K digestion; BM - molecular v/eight marker. Amounts listed above otiier lanes Indicate tiie amount of 
positive tissue equivalents loaded. Staining seen in the negative sample was considered to be due to Improper digestion of the 
assue. Amount of proteinase K used was 100 ^g per ml homogenate in each case. The negative control and all test samples 
^^D^*^ described salt precipitation protocol. The signal seen In lane C may be attributed to cellular prion pro- 

tein, PrP-, present In normal brain tissue. *^ 



Estfmotfon of degree ofposHlYity in the tissue 

Low limits of PrPSc detection are essential for a method to 
be successfully applied to the determination of animals in 
the pre-dinical stages of the TSE disease. It was therefore 
considered mandatory to test the capability of the current 
protocol for determining miniTrinTn positive tissue equiv- 
alents in normal tissue homogenates spiked to various de- 
grees with infected tissue. Ihe lower limit of detection of 
PrPSc using the current protocol was estimated using 
pooled brain homogenates in order to avoid sample to 
sample variations. Thus, pooled honiogenates of cerebel- 
lum from scrapie positive sheep (PI) or brain stems from 
BSE positive cattie (P2) were used and similar homoge- 
nates from healthy she^ (Nl) or healthy cattle (N2) 
sarved as negative controls. For both scrapie and BSE, the 
positive (100% pbsitivity) and nc^tive (0% positivity) 
homogenates were blended in ratios that provided final 



mixtures containing 100%, 50%, or 6.5 % positive tissue 
material. PrPSc was then precipitated from each of these 
and the lowest limits of detection were determined using 
western blot analysis. For both scrapie (Figure 2a) and 
BSE (Figure 2b) samples, the lowest detection limit 
ranged between 5-10 fig brain equivalents. 

Precipitation ofPrP^ from different species 

Since TSEs affect a variety of species, we also tested the ef- 
ficiency of the sodium diloride method of PrP^ enrich- 
ment on brain tissues of animals with natural and 
experimental forms of TSEs. This was considered impor- 
tant because of the species-related di&rences in the tissue 
distribution and glycoform patterns of PrPSc. Brain equiv- 
alents of 3 mg each in cases of saapie, BSE and CJD, and 
2 mg each in cases of mouse scrapie and mouse BSE were 
loaded into each lane of an SDS-PAGE gel for western blot 
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Figure 3 

Detection of PrP^c in TSEs from different host spe- 
cies. Lanes show: i - mouse scrapie ME7» 2 — sheep scrapie, 
3 - mouse BSE, 4 — BSE, 5 — sporadic CJD, 6 — nonrial sheep. 
Lanes I and 3 contain 2 mg and lanes 2, 4, 6 contain 3 mg 
brain equivalent load each. SAL I (1 :3000) and alkaline phos- 
phatase labeled goat anti-rabbit IgG (1:1500, Koche) were 
the primar/ and the secondary antibodies respectively. 
Amounts of proteinase K used per ml homogenate were 30 
\ig in the cases of mouse scrapie, sheep scrapie and BSE and 
50 |ig In the case of sCJD. 



analysis. It has been observed during routine laboratory 
practice, however, that with animals suspected to have 
TSEs or with doubtful positive signal for PrP^S the load 
per lane could be increased up to 10 mg brain equivalents, 
thereby increasing the probability of detecting PrPSc Ihis 
is accomplished by resuspending the -final pellet in a 
smaller volume of loading buffer. Mouse samples were 
particularly useful as standard controls for glycoform 
analyses as total brain homogenates were used in these 
cases and thus uniform patterns, uninfluenced by the 
choice of a certain area of the brain, were obtained on the 
western blot Banding patterns representative of each spe- 
cies are shown in Figiue 3 . All samples were processed and 
electrophoresed simultaneously. Hie sporadic CJD (sCJD) 
case in lane 5 was of sporadic type 2 &om Greece [13]. 
Quantitative estimations of the gjycoforms for each spe- 
cies are given in the histogram in Figure 4. Average values 
and their standard errors were obtained for each species 
after analyzing multiple samples in each case. In all cases, 
the ^ycoform patterns presented by PrP^ matched those 
previously reported in the literature [14-16] and was not 
affected otherwise by the current method of enrichment. 

Discussion 

The first cases of BSE were reported in the United IQng- 
dom [17] and since that time the cattle disease has been 
implicate as a causative agent for new variant CJJD in hu- 




sampie 



Figure 4 

Glycoforms of PrP^^ isolated from different species. 

Samples 1-5 represent ME7, sheep scrapie, mouse BSE, BSE 
and sporadic CJD respectively. Percentages of specific glyco- 
form are shown as average + standard error for each spe- 
cies. Values shown were obtained from independent 
experiments with 7 ME7 samples, 8 sheep samples, 2 mouse 
BSE samples, 5 BSE samples and 5 sCJD samples. Bars repre- 
sent percentage glycoforms of double, mono and non-glyco- 
sytated bands according to the insert. 



mans [18,19], Fears have also been raised that BSE may 
have crossed back into sheep [20,21] in the guise of sheep 
scrapie. Given this scenario, two aspects of prion disease 
monitoring need iromediate attention. One is the pressing 
need for the establishment of reUabler rapid and, at the 
same time, sensitive protocols for the detection of TSEs 
from both animal and human somces. The other is that 
these methods should be easy to perform and cost-effec- 
tive with TTiiniTnal requirement for espensrve equipment. 

PrpSc remains the ultimate and sole determinant for a 
confirmatory diagnosis of TSE. Given this ^ct, it seems 
obvious that the successful, efficient extraction of this 
molecule is of utmost importance. We have shown here 
that it is now possible to enrich for PrP^^ using sodiimi 
chloride precipitation and obtain an end product contain- 
ing up to 97.4% ofthe total PrP^c in the tissue. Loss of PrP- 
^ in the two wash steps during the procedure was 
np glig ihip and might well be attributed to the handling of 
the material. The hi^ degree of purification of PrP^^ in 
the pellet at the end of the method was indicated by a gen- 
eral reduction in total proteins in the final enriched pellet 
(Hgure lb) suggesting a 100-fold purification for PrP^ in 
tile latter. PrpSc could be extracted even more efficiently 
fitjm motise species with a recovery of 99.7% (data not 
shown), probably due to the uniform and homogeneous 
constitution of the tissue involved. The rhethod was also 
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tested in more than one species to establish that the elec- 
trophoretic mobility of PrPSc thus obtained was not dis- 
torted as reported recently with sodium phosphotungstate 
salt [4]. Thus, PrPSc predpitaled with sodium chloride salt 
in this manner would be well suited far TSE strain and 
species type analyses. 

Early in the development of this protocol we noticed that 
the low speed debiis usually discarded during most PrP^ 
purification procedures contained as much as 20-30% of 
the total protein in the tissue (peisonal observation). It 
was therefore considered useful to indude tissue debris in 
the extraction procedure described in this study and not to 
use the coromon practice of 'dealing* tissue homogenates. 
As would be expected, and as was indeed seen by silver 
staining (Hgure lb), other molecules also were predpitat- 
ed along with PrPSc. Althougji considered contaminants 
in the present preparation, these molecules could become 
suitable candidates when seardiing for other components 
induding proteins, non-proteins or nuddc adds [22] that 
partidpate with PrPSc [23,24] m prion pathogenesis in the 
different intermolecular interactions during the course of 
the disease. The above protocol could be safely recom- 
mended as an alternative confirmatory protocol of the 
coimnerdally available protocols taking into account the 
achieved concentration was at least 20 times hi^er. 
Though less popular than it vras once, the SAF procedure 
also predprtates PrPSc by aggregating it into fibrils, 
througji a rather harsh treatment with sarkosyl [25,26] 
and higji-speed centrifiigation. Althougjh it was the meth- 
od of choice a few years ago, and still is considered as a 
confirmatory diagnosis for TSEs by International OfiSce of 
Epizootics (lOE), SAF preparations are used less today be- 
cause the method is tedious to perform and requires larger 
quantities of starting tissue to oSset heavy losses through- 
out (with only 20% recovery of PrPSc). The low recovery is 
indeed a problem, particularly with samples such as BSE 
and CJD where there is a constant dearth of available ma- 
terial. In our hands, at least fifty times the amount of tis- 
sue reported in the present sodium diloride predpitation 
procedure was required for the detection of PrPSc as SAFs 
[10], When the salt predpitated material was examined 
for the presence of SAFs there weren't dearly detectable fi- 
brilar stmctures thus malring this protocol improper for 
the detection of them. 

The salt predpitation method described here gave satis&c- 
tory results with all spedes of natural or experimental 
forms of TSEs tested. The finding that the spedes origin of 
the tissue did not affect the validity makes the procedure 
universally applicable for enriching PrPSc in samples in- 
tended both for diagnoses of prion diseases and for diar- 
actexization of the infectious agent Additionally, the 
observation that the gjycoform pattern of PrPSc[i4«i6] 
was not distorted after digestion with Proteinase K indi- 



cates that the dectrophoretic mobility of PrP^ was not af- 
fected. This is an important issue to consider while 
choosing any purification method for PrPSc because gly- 
cotypiog has become a usefiil tool for strain typing TSEs. 

Conclusions 

This study is the first where an attempt has been made to 
estimate the recovery of PrP^c after its predpitation 6x>m 
brain tissue. Hie major advantages of the procedure in- 
dude speed, low cost simplidty and reprodudbility unaf- 
fected by spedes origin. Tlie ability to concentrate PrPSc 
through predpitation should make it a putative protocol 
of choice for detecting low amounts of PrPSc, as would be 
present in predinical cases. Several TSE testing laborato- 
ries have applied succefuUy this protocol as a confirmato- 
ry technique for PrPSc detection (Personal 
communications). Future experiments to be imdertaken 
indude estimations of infectious titers in the PrP^ en- 
riched pellet and validation of the method in the detec- 
tion of PrP^ftom non-neural tissues. 
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Eight prion strains have PrP^^ molecules with ^"^^ 
different conformations 



JiRi Safar*. Holger Wille*. Vincenza Itri\ Darlene Groth\ Hana Serban' 
^ Marilyn Torchia'. Fred E. Cohen^-^ & Stanley B. Prusiner'-^ 

Department of 'Neurology, 'Biochemistry and Biophysics, 'Medicine and ^Cellular and Molecular Pharmacology. 
University of California, San Francisco, California 94143-0518, USA 
Correspondence should be addressed to S,B.P. 

Variations in prions, which cause different incubation times and deposition patterns of the prion 
prote.n isofonm called Pr^. are often refen-ed to as 'strains'. We report here a highly sensitive 
confomiation-dependent immunoassay that discriminates PrP- molecules among eight different 
pnon strains propagated in Syrian hamsters. This Immunoassay quantifies PrP isoforms by simul- 
taneously following antibody binding to.the denatured and native forms of a protein. In a plot of 
the ratio of antibody binding to denatured/native PrP graphed as a function of the concentra- 
tion of PrP , each strain occupies a unique position, indicative of a particular ?rP^ conformation 
This conclusion is supported by a unique pattern of equilibrium unfolding of PrP^ found with 
each strain Our findings indicate that each of the eight prion strains has a PrP»- molecule with a 
unique conformation and, in accordance with eariier results, indicate the biological properties of 
pnon strains are 'enciphered' in the conformation of PrP^ and that the variation in incubation 
times IS related to the relative protease sensitivity of PrP*« in each strain. 



Creutzfeldt-Jakob disease (CJD) of humans and bovine spongi- 
form encephalopathy and scrapie of animals are neurodegenera- 
tive diseases caused by prions'. Studies of scrapie in goats and 
later in mice demonstrated reproducible variations in disease 
phenotype with the passage of prions in genetically inbred 
hosts*. The distinct varieties or isolates of prions were called 
'strains', because for many years scrapie and CJD were thought 
to be caused by slow viruses^ ^ The existence of these strains be- 
came the strongest argument for a scrap ie-specific nucleic acid»-\ 
The only known component of the infectious prion is an ab- 
normal, disease-causing isoform of the prion protein (PrP). caUed 
PrP^. During a post-translaUonal process. PrP^ is formed from 
the normal, cellular PrP isoform (PrP^. Each prion strain pro- 
duces a specific phenotype of prion disease as manifest by the 
length of the incubation time, the topology of PrP^ accumula- 
tion and the distribution of pathological lesions^". Strains repli- 
cate with a high degree of fidelity, which demands a mechanism 
that can account for this phenomenon. PrP^ might exist in mul- 
UpJe conformations, which would account for the strains, but 
supporting evidence for this was Initially lacking'^'^ 
Subsequently, isolation of prion strains from mink by passage in 
hamsters" and passage of inherited human prion diseases to 
transgenic mice'^ indicated that the properties of prion strains 
are enciphered' in the conformation of PrP*^. 

n*^^^ ^^""^'^ P"°" strains, the size of the protease-resis- 
tani PrP^ fragment (PrP 27-30) was used to dUtinguish between 
straps with different biological properties. Because PrP^ and 
PrP- have the same covalent structure'", differences in protec- 
tion against proteolytic degradation must refiect alterations in 
rV^'l^"^ structure of PrP^. The diminished protease resistance 
of PrP- from the Drowsy (DY) prion strain did riot correlate with 
prolonged incubation times, as several scrapie strains with simi- 
lar mcubation times did not have the same decreased protease 
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resistance". Because seven of the eight prion strains investigated 
have simUar patterns of protease resistance, we sought a more 
sensitive technique to study the conformaUons of PrP^ of these 
strains. Having developed a highly sensitive conformation-de- 
pendent immunoassay that measures the relative amounts of p- 
sheet and a-helical content, we analyzed eight prion strains to 
determine whether the secondary structure of each PrP* was dis- 
tinct and thus, strain-specific. In graphs of the ratio of antibody 
binding to denatured/native PrP plotted as a function of the con- 
centration of PrF'. each strain occupies a unique position. These 
findings, with the results of eariier studies, indicate that the bio- 
logical properties of prion strains are 'enciphered* in the confor- 
mation of PrP* and that the variation in incubation times is 
related to the relative protease sensitivity of PrP*= in each strain. 

Development of a ^ri>* conformation-dependent immunoassay 
In contrast to PrP^, the immunoreactivity of PrP* is greatiy en- 
hanced by denaturation'^ Studies with anti-PrP monoclonal an- 
tibodies and recombinant antigen-binding fragments showed 
that transformation of PrP^ into PrP* is accompanied by the bur- 
ial of epitopes near the N terminus of PrP. whereas C-terminal 
epitopes remain exposed If some monoclonal antibodies di- 
rected against the N terminus of PrP have sufficiently different 
affinities for the a-helical and P-sheet conformations of PrP. 
then the difference between these affihities could be a quantita- 
tive 'signature' of the native conformation. The affinity of dena- 
tured PrP was arbitrarily designated as a reference point. 

Recombinant Syrian hamster (SHa) PrP containing residues 
90-231 (SHaPrP(90-231)) was refolded into predominantiy a-he- 
lical or P-sheet forms, which share structural features with PrP*= 
and PrP*. respectively". We used these structurally defined re- 
combinant proteins in our initial studies with the monoclonal 
antibody 3F4 (ref. 20). To measure the binding of antibodies to 
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Fig. 1 Development of a conformation-dependent immunoassay for re- 
combinant SHaPrP(90-231) purified from f. co// and folded into different 
conformations, a. Conformation of recombinant SHaPrP(90-231) as deter- 
mined by circular dichroism (CD) spectroscopy. 6 and c. Calibration of con- 
formation-dependent immunoassay with recombinant SHaPrP(90-231) in 
a-heflcal (b) and In p-sheet (c) conformation, d. Ratios between signals of 
denatured/native recombinant SHaPrP(90-231) in.a-hcHcal and p-sheet 



conformations. Two major bancte In the CD spectrum with minima at 208 
and 222 nm indicate an a-hefical conformation; a single negative band with 
minimum at 217 nm is characteristic of predominantly ^-sheet conforma- 
tion; a negative trough towards 197 nm documents random-coil conforma- 
tion. The calibration of the conformation-dependent immunoassay was 
done in the presence of Pniff^ mouse brain homogenate. Data represent 
average ± s.e.m. obtained from four Independent measurements. 



PrP. we adapted a direct ELISA-formatted. dissociation-enhanced 
time-resolved fluorescence (TRF) detection system^'. The sensi- 
tivity limit of detecting denatured SHaPrP(90-231) with eu- 
ropium (Eu)-labeled anti-PrP 3F4 monoclonal antibody IgG (ref. 
20) was less than or equal to 5 pg/ml with a dynamic range of 
over 5 orders of magnitude (data not shown). 

To simulate physiological conditions, we 'spiked' 5% 
(weight/volume) brain homogenate obtained from PrP-deflcient 
(Pnri/O mice" with purified recombinant SHaPrP (90-231) in ei- 
ther an a-helical or P-sheet conformation. The conformation of 
the refolded proteins were verified by circular dichromism (CD) 
spectroscopy (Fig. la). SHaPrP(90-231) was unfolded by 4 M gua- 
nadine hydrochloride (GdnHCl)for 5 minutes at 80 "C, diluted 
20-fold, and stored for 16 hours at 5 before its conformation 
was determined by CD spectroscopy. The results (Fig. la) con- 
firmed that the protein did not refold under the conditions used 
for cross-linking to the activated plastic ELISA plate. 

When Eu-labeled 3F4 IgG was used in the presence of 5% 
(weight/volume) Pmp^ mouse brain homogenate, the detection 
limit of denatured SHaPrP (90-231) was less than or equai to 2 
ng/ml and the dynamic range was over 3 orders of magnitude. 
The input/output calibration for denatured SHaPrP (90- 231) in 
both a-helical and P-sheet conformations and with purified in- 



fectious PrP^ gave sensitivity and linearity within the same range 
(data not shown). The interassay variation coefficient (100*stan- 
dard deviation/average) was within the assay range of less than 
or equal to 6.6%. 

The data obtained with SH^rP(90-231) in an a-helical confor- 
maUon (Fig. 16) indicated a relatively small difference between 
signals of a-helical and denatured proteins. In contrast, the reac- 
tivity with the native p-sheet form of SHaPrP (90-231) only mar- 
ginally exceeded background (Fig. Ic). When the results were 
expressed as a ratio between binding of 3F4 monoclonal anti- 
body to native conformations compared with that of denatured 
conformations of PrP, the ratio for a-helical SHaPrP(90-231) was 
less than or equal to 5 and for the P-sheet conformaUon, it was 
greater than 5 (Fig. Id). Thus, the ratio of 3F4 monoclonal anti- 
body binding to denatured/native PrP was a sensitive indicator 
of the original native PrP conformation for which a value greater 
than 5 in the presence of Pmpf^ brain homogenate indicated the 
presence of P-sheet conformers of recombinant SHaPrF(90-231). 

IVIeasurement of SHaPrP** in brain homogenates 
Fluorescence signals for native and denatured samples of normal 
SHa brain homogenate containing PrP*= were similar, and the 
ratio of antibody binding to denatured/native PrP was less than 
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Fig. 2 Conformation-dependent immunoassays of PrPs in ho- 
Z^^T, "LTT SHa brain ho- 

ham^p^K ■ '"'^ ^"'""senates from the brains of Syrian 

^rs!«7 """^ °' '"'^ dysfunction about 70 d after Inoculation 
ftPand ,^Lmn"%*,«°r'' •^0"'°g«n«es; total amount of 

PrPand the amount of PrP in the P-sheet form. d. Homogenates from the 
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ScrapieMnrected SHa brain homogenate (%) 

PrP?nH',H^"'" "^"^ inoculated with Sc237 prions: total amount of 

SHaW on ^^rdTar ""^ '^^^ ""-ntration o 

hrl^n h ' calculated from equation l. The samples of 

brain homogenates obtained from normal or scrapie-lnfecteS^ Syrian 
hamster, were serially diluted Into Pmp- mouse homojenate Da« reo 
resent average . s.e.m. obtained from four Independent me«uremenu" 



or equal to l.B (Fig. 2a). In contrast, the ratio for a serial dUuUon 
o[ S^^'lnrp'^"' homogenate containing a mixtut, 

or. r ■ n IT ^^'^^ 2 (Fig. 2b). In general, the data 
on sena ly dUuted normal and scrapie-infected SHa brain ho- 
mogenate followed the pattern described fora-helbc and P-sheet 
conformaUons of recombinant PrP(90-231). A ratio of antibody 

p;SnTo° fHT^*^'""'^^ ''^ '"<^'--<^ 

J,hT °^ denatured and naUve samples developed 

w.th Eu- abeled 3F4 IgG. the concentration of PrF* may be di- 
ectly calculated by equaUon 1 (lVlethods)(Fig. 2c.di. Thecorrela- 

obtamed by dilution experiments with nonnal SHa brain h^ 

tTlned withTi"'"' ''''^'"^ °' ot. 

unctfon ^"J^""'' '^"^ "^"^^ correlation 

function for bram PrP^ did not exceed 1.8 and was used for all 

norm^Sn'h'' '^^^"'"^^ '^-^ ^ expected t^^ 

confol'don ''°'"°8enate contained only Prpc in an «-hellcaI 

nt^folTfnc-" ^'^•'^ 'f'^' approximately 

?ynln ha^^!:" "''^ ""^^ °f scrapie-infectej 

cSma^on ^ira?."^ accumulation of PrP^ in a P-sheet 

5sfnTth/hifh?'^"' PrP- in eight prion strains 

Usmg the highly sensitive conformation-dependent immunoas- 
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^ahrn^J^ ^^^"^ homogenates. we analy2ed 

frfm i K P""" ''"'^ P^'^^S^*^ hamsters. B«dns 

from Sjjian hamsters were coUected when the animals displayed 
signs of neurologic dysfunction: the incubaUon times forlhe 
pnon strains varied from 70 to 320 days. Most of the PrP In the 
b«jr« of Syrian ha^ ^j.^ signs of neurologic disease was 
Tk K . r*^ conformation. The level of PrP^ in 

the brains of these fcllnically Ul animals exceeded that of PrP= by 
threefold to tenfold (Fig. 3a). The highest levels of PrP- were 
found In the brains of Syrian hamsters infected with the iS4e7-H 

Svrian 1? the brains of 

hamsters inoculated with the SHa{Me7) strain (Fig 3a) 
The Me7-H and SHa(Me7) strains, which were both derived f^^ 
Me7 passaged In mice, had simUar denatured/native PrP rsZ^ 
but they accumulated PrP* to very different levels (Fig. 3a.6?The 

SH?(S^uThr'''""H' T °' ^" 'ested 'straini wa 

5Ha(RML). There seemed to be no relationship between incuba- 
tion time and either the concentraUons of PrP» or the ratio of de- 
natured/native PrP. 

PrVLTrT"' '"*"'P*"'*«"« Of the ratio of denatured/native 
jL l^Ty, concentration of PrP- became obvious after plot- 
ting both parameters in a single plot (Fig. 3b). Each strain occu- 
^o„f«* ''"f P"^'"*'"- indicating differences in the 
conformation of accumulated PrP-. Because the PrP<= concentra- 
tion m each strain was less than or equal to S Mg/mJ and the PrP 
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ratio for PrP^ was less than or equal to 1 .8, the expected effect of 
the presence of PrP*^ on the final PrP ratio was less than or equal 
to 15%. 

Because only the most tightly folded conformers of PrP^ are 
likely to be protease resistant, we digested each of the brain ho- 
mogenates with proteinase K before measuring the ratio of dena- 
tured/native PrP (Fig. 3c). The positions of many strains changed 
when the pro tease- sensitive conformers of PrP^ were enzymati- 
cally hydrolyzed (Fig. 3<^. The DY strain, which was readily de- 
tectable before limited proteolysis by immunoassay (Fig. 36). 
became almost undetectable after digestion (Fig. 3c^, in accor- 
dance with earlier western blot studies**-^. Strains such as Sc237 
and Hyper (HY) were not well separated before proteinase K di- 
gestion (Fig. 3b) but became very distinct afterwards (Fig. 3c). 
These findings indicate that Sc237 and HY are distinct strains 
even though they have similar incubation times of about 70 
days when passaged in Syrian hamsters*'. Limited proteolysis of 
PrP* from Sc237- and HY-infected brains produced PrP 27-30 
proteins that were indistinguishable by migration in SDS-PAGE 
as detected by western immunoblotting". As with PrP*f there 
was no relationship between incubation time and either the con- 
centration of PrP 27-30 or the ratio of denatured/native PrP. 

To assess the fraction of PrP* that is sensitive to proteolysis 



during limited digestion with proteinase K. we subtracted the 
protease-resistant PrP 27-30 fraction (Fig. 3c) from the total PrP* 
(Fig. 3b) for each of the eight prion strains. We asked whether 
the proteinase K-sensitive fraction of PrP* ([PrP*]-(PrP 27-301) 
might reflect those PrP* molecules that are most readily cleared 
by cellular proteases. The clearance of PrP* is of interest for con- 
trol of the length of the Incubation time and other phenotypic 
features of prion strains^*. When the [PrP*)~(PrP 27-30] fraction 
was plotted as a function of the incubation time, a linear rela- 
tionship was found with an excellent correlation coefficient (r = 
0.94)(Fig. 3d). 

Equilibrium dissociation and unfolding of PrPs by GdnHCI 
To extend these studies on the Sc237 and HY strains, we 
monitered equilibrium dissociation and unfolding of the PrP* 
molecules in GdnHCI by Eu-labeled 3F4 IgG (Fig. 4). Data for 
PrP*^ and the DY strain were also accumulated. After equilibrium 
unfolding, the proteins were rapidly diluted to the same protein 
and GdnHCI concentrations and then cross-linked to the glu- 
taraldehyde-activated plate. The binding of 3F4 IgG was ex- 
pressed as the ratio of antibody binding to denatured/native PrP 
(Fig. 4a) or as the fractional change in the transition from the na- 
tive (-0) to fully unfolded (-1) state (Fig. 4b). The PrP ratios in- 




Ratio TRFo/TRF^ IPrP*«) - JPrP 27-30) 

Fig. 3 Eight prion strains distinguished by the conformation-dependent 1) and the ratio of antibody binding to denatured/native PrP were mea- 

immunoassay. a. Concentration of total PrP and PrP*. Data represent the sured by the conformation-dependent immunoassay, c. Brain ho- 

average ± s.e.m. obtained from three different brains of LVG/I^K Syrian mogenates of Syrian hamsters Inoculated with different scrapie strains 

hamsters infected with different prion strains and measured in three inde- and uninoculated controls (C) were digested with proteinase K before the 

pendent experiments, b. Ratio of antibody binding to denatured/native conformation-dependent immunoassay, d. Incubation time plotted as a 

PrP and a function of concentration of PrP** in the brains of Syrian ham- function of the concentration of the proteinase K-sensitive fracUon of PrP** 

sters infected with different prion strains. Concentration of Pi-P^ (equation ((PrP*«]-lPrP 27-301). 
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Fig. 4 Equilibrium dissociation and unfolding of PrP' and PrP^ in 
three prion strains. Ratio of antibody binding to denatured/native PrP 
^niHs"^'^".'^^"''""'" "^^"^e of unfolding of prion proteins during 
equ libnum dissociation and unfolding, a. The brains of uninoculated 
controls and Syrian hamsters infected with Sc237, DY or HY strains of 
pr«ns were analyzed by the conformation-dependent immunoassay; 
the ratio of antibody binding to denatured/native PrP is plotted as a 
unction Of the GdnHC, concentration. The apparen"^^ fr^o^l 
change of unfolding (F^ of PrP- from the ScZS?; OY or HY (d™ 
monds with dotted line) strains. Data represent the average ± s.e m 
obtained from four different measurements. 
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creased with increasing GdnHCl concentrations, indicatine 
continued unfolding. The unfolding patterns of the ratio of 
antibody binding to denatured/native PrP for PrP«= in nor- 
mal brain were distinctly different from the unfolding pat- 
terns for the PrPs in scrapie-infected brains. Each strain had 
a umque ratio, of antibody binding to denatured/native PrP 
l^r^TJ ^ ""'''"^ ""folding pattern. The peaks indi- 

cated the presence of PrP conformers with a higher affinity - 
than at the next-higher or -lower GdnHCl concentration? 
l -.^^nTl'^Jr:.''"^^ differences were at -1 M. -3 M and 
J . 1.",^' "^^ of antibody binding to 

denatured/native PrP for difTerent prion strains at 6.5 M 
^nHCl at which all PrPs were unfolded", were close to the J 
values obtained with samples exposed to 4 M GdnHCl and 
80 C for 5 minutes (Figs. 3b and 4a). 

We also compared the relative abundance of different PrP 
conformers in brains infected wltii Sc237. DY or HY during 
Wpn^""^'°?/:^"' ^""^'^ -0> »o ""folded stati 

w?t^d?ff"*' comparison of samples 

With different PrP concentrations. The largest inter-stLn 

Stonfo^e^T;''""' ' '^^^Shest fraction 

GdnH^ ^ . '^""'"^^ '° *"<=f^ 'o* concentrations of 
GdnHCl was found in SHa brains infected witii the DY stralrT 

Selective precipitation of PrP" by NaPTA 

ifr PrX"""'^ °^ °" conformation-dependent immunoassay 
Uv rrsSrVT''"'- ^""^'^^ '° 

MthauaT L^^ enriching for PrP- before immunoassay. 

?r? wfs Tr"" '"""^ ^« concentration It 
PrP- was equal to or exceeded tiiat of PrP=. we encountered dif 

found tLa[,r n ? °' Precipitation procedures, we 

found Uiat at neutral pH in the presence of Mg", sodium phos- 
photungstate (NaPTA) formed complexes with oligomers and 
polymers of infectious PrP- and PrP 27-30 but nof wTJi P^?: 

ab^^ 99%of"r'''' centrifugation. The pellet contained 
abou t 99% of the pnons but less than 1% of other proteins. PrP 

£ elecZ'ir '''' '^"""^ ''^ ^"-'«d "^^'t y 
by electron microscopy Without further processing (FiR 5) The 

spLu t°heSdV r*^*: stn.ctures'resembleS fn'sor^e r j 

30 (r?f. S) ""^^'^ P"''""'' preparations of PrP 27- 

rattSTmoVhi'c "7 P^'=*P"-"on of PrP- by NaPTA was Incorpo- 
U was ol JiM 7"^°^"'^^'o"-deperident immunoassay for Pr^. 
holl'^ , r ^concentrations of Prl^ In brain 

b^nTomoeenaT "^'""-'"^-'^d animals. Scrapie-infected SH^ 

SHa bra?n hf ^ ""^ "^''^''y '^""'^'^ uninfected 
SHa brain homogenate to simulate Jn Wvo conditions early after 
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imtiation of infection, when the levels of PrP* are low The resul 
ant samples contained different levels of infectiWty and Pr^n 
the presence of a constant level of PrP=. The level of PrP* cou 3 
be measured as a function of the ratio of antibody binding to d^ 
rCTetTe^iH approximately a lO'-fo'ld rang! Afte" 

t^^r homogenates were diluted about lOO.OOO-fold. 

the ratio of denatured/native PrP approached 1.8. which is Sai 

1.8 he ratio of antibody binding to denatiired/native PrP reli- 
ably indicated the presence pf increasing quantities of Pr^- 
The application of equation 1 allowed direct calculation of the 

mTbrarnT ' '""'^"^^ of-rapie-infected ^nd nor 

mal brain homogenates (Fig. 66). The sensitivity limit by PTA 

S S- p"pl°"°"^'' immunoassay is less tha^:, or eq^al 
ng/ml of PrP* in the presence of a 3.000-fold excess of PrP«= 
fsTc;^MD:'m?" T ^^237.infected SHa brain homogenate 
L^- i, ■ ^ determined by incubation time assay^ the 
sensitivity limit of PrP* detection corresponds to an inf^tivUy 
titer of about 10" lD«/ml (Fig. 6). miectivity 

Discussion 

3JdVutniTrrH°"'''''''"f immunoassay described here has 

Iho^ ^"d/apid method for detection of animal and human 
pnons. Although tiie low limit of detection reported here coTrT 

s\'^rvi%t;S; ''^^^ alreLytmp^:^"^,: 

sensitivity of the immunoassay by 10- to 100-fold us^ng a dual 
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wavelength, laser-driven fluorometer. We also anticipate that 
antibodies with a higher affinity for epitopes buried in PrF^ but 
exposed upon denaturation" should substantially increase the 
sensitivity of this assay. 

The anti-PrP 3F4 monoclonal antibody used in the conforma- 
tion-dependent immunoassay reacts with an epitope in a region 
of PrP^ {ref. 20). which seems be relatively unstructured, based 
on NMR spectroscopy of recombinant PrPs produced in 
Escherichia coli and folded into an a-helical conformation'"^. 
The a-helical conformation of recombinant PrPs is thought to 
approximate that of PrP^ isolated from SHa brain^^^V 
Computational studies indicate that during the conversion of 
PrP^ to PrP^. the region with the 3F4 epitope acquires a high 
sheet content^. This prediction has been verified by using a 
panel of recombinant antigen-binding fragments that map to a 
series of epitopes along the PrP polypeptide chain*". 

PrP** conformers 'encipher* strain-specific properties 
The existence of multiple prion strains was traditionally offered 
as an argument for the existence of a scrapie-specific nucleic 
acid". Despite many attempts to find such a nucleic acid by a 
multitude of approaches, and increasing evidence against the ex- 
istence of a polynucleotide"^, an explanation for strains of pri- 
ons remained a formidable conundrum". 

Although different conformers of PrP^ might be responsible 
for particular prion strains'*, there was no evidence to support 
this until analysis was done of the two isolates (DY and HY) from 
mink that had been passaged in Syrian hamsters'*^. However, 
the HY strain was indistinguishable from the Sc237. SHa(Me7) 
and MT-C5 strains in incubation times (Fig. 3d) and the size of 
the PrP 27-30 fragment on SDS-PAGE. Moreover, the diminished 
resistance of DY to limited proteinase K digestion did not corre- 
late with other isolates that produced similar incubation times 
such as 139H and SHa(RML)(ref. 1 1). The obscure origin of HY 
and DY in mink, and a lack of correlation with the properties of 
other biologically similar strains, made these mink strains dlfii- 
cult to reconcile. Only when prion strains generated de novo in 
humans with inherited prion diseases were passaged in trans- 
genic (MHu2M) mice could a strong case be made for the 'enci- 
phering' of the biological properties of prion strains in the 
conformation of PrP^ (refs. 1,15). These studies were fortuitous 
in that familial CDJ caused by the E200K mutation of the PrP 
gene tfCjD(E200K)l and fatal familial insomnia caused by the 
D178N mutation (FFI) gave different sizes of PrP 27-30 fragments 
after limited proteinase K digestion. 

Here, a conformation-dependent immunoassay allowed us to 
distinguish all eight strains analyzed by plotting the ratio of de- 
natured/native PrP as a function of PrP^ concentration before 
and after limited digestion with proteinase K (Fig. 36,c). In con- 
trast to the data here, only the DY strain could be distinguished 
from the other seven strains by western blotting after limited 
proteolysis: moreover, the relatively increased protease sensitiv- 
ity of PrP^ in DY prions can produce an underestimation of its 
level by immunoblotting". Only the Me7-H strain had a unique 
incubation time: the remaining seven strains clustered into two 
groups (Fig. 3<i). 

Many conformattons of PrP*" 

Our results demonstrate that eight different strains have at least 
eight different conformations {Figs. 36 and c and 46). In fact, our 
data indicate that each strain is composed of a spectrum of con- 
formations as demonstrated by the limited- pro tease-digestion 
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and GdnHCl-denaturation studies (Figs. 3 and 4). These findings 
contrast with the idea that the primary structure of a protein de- 
termines a single tertiary structure" . 

How many formations can PrP*' adopt? The conformation-de- 
pendent immunoassay described here provides a rapid tool capa- 
ble of discriminating the secondary and tertiary structures of 
many PrP^ molecules. 

Our results indicate that PrP^ must act as a template in the 
replication of nascent PrP^ molecules. It seems likely that the 
binding of PrP*= or a metastable intermediate PrP* to protein X is 
the initial step in PrP** formation and that this is also the rate- 
limiting step in prion replication"*"". PrP* interacts with PrP*^ 
but not with protein X in the PrP^-protein X complex. When 
PrP^ or PrP* is converted into a nascent PrP* molecule, protein X 
is released. Presumably, protein X functions as a molecular chap- 
erone in the formation of PrP*. 

Thus, the different incubation times of various prion strains 
should arise mostly from distinct rates of PrP* clearance rather 
than from different rates of PrP* formation". Prion strains that 
are readily cleared, therefore, should have prolonged incubation 
times, whereas those that are poorly cleared should have abbre- 
viated incubation periods. We investigated this by relying.upon 
the difference in brain PrP* concentrations before and after pro- 
teinase K treatment as a surrogate for in vivo clearance of each 
prion strain. When clearance, as approximated by (PrP**- [PrP 27- 
30], was plotted as a function of the incubation time for eight 
strains, a linear relationship was found (Fig. 3d). Proteinase K 
sensitivity is an imperfect model for in vivo clearance, however, 
and only one strain with a long incubation time exceeding 300 
days has been studied. 

Asn-linked complex-type carbohydrates (CHOs) may specify 
prion strains*", but this is difficult to reconcile with the addition 
of high-mannose oligosaccharides to Asn-linked consensus sites 
on PrP in the ER and subsequent remodeling of the sugar chains 
in the Golgi^V Modification of the complex CHOs attached to 
PrP*= is completed before the PrP*^ is redistributed to the cell sur- 
face**-", which indicates that the Asn-linked CHOs of PrP* do 
not 'instruct' the addition of such complex- type sugars to PrF^. 




Fig. 5 Electron micrographs of pellets from control and prion-infected 
SHa brain homogenates precipitated by NaPTA and MgCI^. a, Peflet ob- 
tained from normal SHa brain homogenate shows only diffuse patches of 
membrane lipids and detergent, and a few presumably proteinaceous 
particles of unknown composition, b. Pellet from a brain homogenate 
obtained from Syrian hamsters inoculated with Sc237 prions contains 
large aggregates that retain NaPTA. The aggregates resemble polymers 
of PrP 27-30 obtained by an alternative purification protocol". Scale bar 
represents 100 nm. 
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^^l^nf "^^ °^ '^^ complex-type sugar attachment sites 
seemed to mcrease PrI* formation in cultured cells" but resulted 
in prolonged incubation times in transgenic mice and differ- 
ences in the patterns of PrP^ distribution and PrP^ deposition in 

T^^vTTY"^ ^=5- These studies indicate that 

Asn-linked glycosylation might alter the stabUity of PrP, and in 

Hon' T^" "^"^^ '^"^'^ patterns of PrP- depos" 

deter^nfn? f'""""" ""^^ ^ important in 

fh T^i ^ u ""'y strain-specific neuropathology but also 
the length of the incubation time". .. ^ itjr aiso 

Assessing prion sterility 

When the sensitivity of the conformation-dependent im- 

d^r r k'^ """"y '° estMUh the sterility of product 
concern ^L"; tT'"^ '"""^'^ ^"^ « considerable 

manm K P""'™' ""^y "^'^^ transmitted to hu- 

3h7a r^ r *'''^^'°P«' ^-r'an' CJD (ref. 46). It should be 
TnH rh ''^ ""™""°assay to a high-throughput system 

.cais and o^'S' g^'"'" co.lagen'pharm^ceu 
^cals and other bovme products are free of prions. Our im- 
munoassay also might be adapted to ensure t^^t 
orodTed manufactured from human blood or plasma o 

produced ,n mammalian cells are free of prions" 
wilh resoectlo'^h ""^ P""" immunoassay system is crucial 
T-SLntTe on P^P" molecules per 1 ID„ unit. At 

Sr^rat^^n °"'y,"^^"'ble data is from highly purified prion 
preparations .n which the PrP-/ID„ unit ratio i about Itf (refs 

~*^"'''*'""='~^ . VOLUME 4 . NUMSBIIO . OCTOB£R,M8 



S'ln H '"'^ sensitivity of the ratio of antibody bindina to 

PrP in denatured and native states. Homogenates prepared frarn J^^ 
S'" T:!"^ ''9"^ °^ d^ysfunction about 70 d In^ 

r^rnr a^r;rp:;reTT?^^^^^^^ - 

P^eclpiU^onbytbeconLmatio^-dlprn;^^^^^ 
the fluorescence signais of denatured and naUve aliquote^tottld,! ?T 
tion Of the dilution of scrapie-infected brain h^cSu * '^J"h 
amount of PrP^ and PrP- was ca.cu.ated fron, equX^Ta^l^ottST^^ 
^nction Of the dilution of scrapie-infected brain'hom^;^. ^^^'^ " ' 
sent average * s.e.m. obtained from four Independent mealu^ements '^ 

26 48). Using our conformation-dependent immunoassay in 
conjunction with transgenic mice capable of detecUng 1 ID 
unit of human or bovine prions"^, it should be possible to de" 
ermme the PrP-/ID„ unit ratios for prions propagatS in d^ft 
ent tissues from humans and cattle. The calibrfuon of p^Sn 
immunoassays using transgenic mice is essential if such 4ays 

fo^f H P'"*""" °' ^'''^"'^^ °f prions S 

nn^'n?""?"' °J ^ establish the diag- 

nosis of pnon disease in living paUents. 

New approaches arising from this research 
The conformaUon-dependent immunoassay for PrP* described 
here not only discriminates among a wide variety of prion 
strains but IS also capable of measuring very low levels of PrP- 
TTiis immunoassay provides important information about the 
teruaiy and secondary structure of PrP*. which is strain-deoen- 

shoid ''r^""^ confonnation-dependent immunoaS^y 
should be correlated with those from optical spectroscopic tech 
niques such as FTIR and CD. The abUlty to assay features o^ the 
ternary and secondao' structure of PrP- in crude homogenates 
opens several new areas of investigation, including determina- 
Uons of the stmcture of PrP- in various tissues as well as^ S- 
ferent regions of the CNS for a variety of prion strains. 

Methods 

Prion strains. Syrian hamsters (LVGiLak) were infected by intracerebral in- 
jec^on Of the following hamster-adapted scrapie isolates: Drowsy 7d;^ 
139H. Hyper (HY), Me7-H, MT-CS. Sc237. SHa(Me7) and SHam^^ tI: 

uarp. The DY and HY hamster strains were provided bv R Martrh" tk^ 
39A isolate was obtained after more than To passage' of the Chandler 
isolate .n m«e» Passage of mouse 139A prions in Lvl:Uk golden s^tn 

rhTM-V , . ^"*"^'-> generated in our laboratory by passage of 
t^e''^'sX"hli::r';r""^'' transgen,c(M?;2^''andU 
The animals were killed in the terminal stages of disease, and their brains 

l^i^ST^sZ'TT """" °' ' '^"-ogenizerVisher 
scien inc) in PBS (pH 7.4) containing protease inhibitors (5 mM PIVISF and 

ume) homogenates were spun for S min at SOOff in a tabletop centrifuoe- 
supemaunt was mixed 1:1 with 4% Sarkosyl In PBS (pH 7.4)! 

°' "^"^ determined in 5% 

fa^lCifr K ^ "^"mogenate by incubation time assay in groups of 
four Syrian hamsters as described". *^ 
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Expression, purification and refolding of recombinant SHaPrP (90-231). 
For development and calibration of conformation-dependent immunoas- 
says, recombinant SHaPrP(90-23l) was refolded into a-helical or ^-sheet 
conformations as described". PCR (Perkin- Elmer) was used to amplify the 
DNA corresponding to different portions of SH.aPrP for ligation into E. coli 
secretion vectors. Clones containing the PrP insert were sequenced and 
transformed into the protease-deficient expression strain 27C7 (ATCC 
number 55244). For purification. 100 g of f. coli 'paste' was resuspended fn 
1 L of 25 mM Tris-HCl. pH 8:0/5 mM EDTA (buffer A). This was centrifuged 
at 10,0009 for 20 min. and the supernatant containing soluble periptasmic 
proteins was discarded. The pellet was resuspended in 1 L of buffer A. 
passed through a cell disrupter twice (model MF110, Microfluidics 
International. Newton. Massachusetts) and centrifuged at BO.OOOg for 1 h. 
after which the supernatant was discarded and the pellet was washed once 
in buffer A and centrifuged again at 30.000g for 1 h. The pellet was subse- 
quenUy solubiitzed in 8 M GdnHCI. 25 mM Trls-HCI (pH 8.0) and 100 mM 
DTT (buffer B), and aliquots of 6 mL of the supernatant containing about 
200 mg total protein were separated by size-exclusion chromatography fol- 
lowed by reversed-phase high performance liquid chromatography using a 
25-mm/25-cm C-4 column (Vydac, Hesperia. California): Buffer 1 , HjO and 
0.1% TFA: Buffer 2, acetonitrile and 0.09% TFA; flow rate 5 mL/min. 

Samples of the reduced protein and the refolded oxidized form were 
concentrated using a Centricon (Amicon, Houston. Texas) with a molecu- 
lar weight cutoff of 10,000 Da. The buffer for the reduced protein was 10 
mM MES (pH 6.5): the oxidized form was concentrated in the refolding 
buffer. Circular dichroism (CD) spectroscopy on a Jasco 720 spectropo- 
larimeter. as described'^ confirmed that the reduced protein refolded 
into a 3-sheet conformation, and the oxidized protein refolded into an a- 
helical conformation. 

Purification of SHaPrP* and SHaPrP** from brain. SHaPrP^ was purified as 
described, with some minor modifications". Protein content was deter- 
mined by amino-acid analysis. The purity of PrP*^ was 95%. as demon- 
strated by SDS-PAGE followed by silver staining and western blot. 

SHaPrP^ was purified from a standard pool of scrapie strain Sc237-in- 
fected hamster brains as described with only minor modifications*'. The in- 
fectivlty of this pool was 7.3 IDso/ml, as determined by an incubation time 
assay on Syrian hamsters after intracerebral inoculation, and specific infec- 
tivity was 8.2 IDso/mg of PrP^. The preparation was considered homoge- 
neous, with one major band on SDS-PAGE after silver staining and western 
blotting. 

Labeling of antibodies. The data described here were generated with 
monoclonal antibody 3F4 (ref. 20). The IgG was purified from ascitic fluid 
by Protein A chromatography on a Pharmacia FPLC column and labeled 
with europium chelate of N-(p-isothiocyanatobenzyl)-dlethylenetriamine- 
N^M^N^N^-tetraacetlcacid (DTTA) at pH 9.6 for 16 h at room temperature 
according to manufacturer's protocols (Wallac. Turku, Finland). The final 
Eu/IgG molar ratio was 13. 

Immunoassay for PrP*= by dissociation-enhanced time-resolved fiuores- 
cence spectroscopy (TRF). Each sample was divided into two aliquots; one 
untreated (native) and another mixed to a final concentration of 4 M 
GdnHCI and heated for 5 min at 80 "C (denatured). Both samples were im- 
mediately diluted 20.fofd with H,0 containing protease inhibitors (5 mM 
PMSF and aprotinin and leupeptin at 4 jig/ml each), and aliquots were 
loaded on a 96-well polystyrene plate that had been activated for 1 h with 
0.2% glutaraldehyde in PBS. pH 7.4. The plates were Incubated overnight 
at 5 X and then blocked with TBS (pH 7.8) containing 0.5% BSA 
(weight/volume) and 6% Sorbitol (weight/volume) for 2 h at room temper- 
ature. They were then washed three times with TBS (pH 7.8) containing 
0.05% (volume/volume) of Tween-20 and incubated at room temperature 
for 2 h with the Eu-labeled antibodies. The plates were developed after 
seven washing steps in enhancement solution provided by the europium 
label supplier (Wallac. Turku. Finland), and the signal was counted on a 
DELFIA 1234 (Wallac. Turku. Finland) fluorometer. 

Calibration of the conformation-dependent immunoassay for PrP. The 
assay was calibrated for different conformations of PrP in the presence of 
5% (weight/volume) brain homogenate obtained from PrP-deficient 
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{PmpP*°) mice". The homogenate was 'spiked' with purified recombinant 
SHaPrP(90-231) in a-helical or P-sheet conformations, as determined by CD 
spectroscopy, and with PrP*^ and PrP*« purified from SHa brains. The data on 
antibody binding to denatured recombinant a-helical SHaPrP(90-23l) or 
SHa brain PrP^ were plotted as a function of the binding to the native pro- 
tein and fit by the least squares regression program to obtain the con-elation 
coefficient f.. 

Antibody binding to denatured/native PrP and quantification of PrP*« 
The ratio between binding of Eu-labeled IgG to PrP in native and denatured 
conformations measured by TRF was designated TRFo / TRF„. We have de- 
veloped a mathematical model to calculate, the content of P-sheet-struc- 
tured PrP in an unknown sample directly: 



[PrP J - A TRFp = TRFp - (TRF^ • f J 



(1) 



where A TRFp is the change in the time-resolved fluorescence of PrP in p- 
sheet conformation during the transition from the native to denatured 
state; TRFq. the time-resolved fluorescence of PrP in the denatured state; 
TRFn. the time-resolved fluorescence of PrP in the native conformation; and 
f«. the correlation coefficient for dependency of TRFo on TRF„ obtained with 
serially diluted reduced SHa brain homogenate and with purified SHa PrP*^. 
The coefficient was obtained by fitting the plot of antibody binding to de- 
natured/native protein by the nonlinear least squares regression program. 
In this equation, an excess of antibody binding to PrP protein in the transi- 
tion from native to denatured state more than that expected for a-helical 
conformation is directly proportional to the amount of PrP protein in p- 
sheet conformation. 

Precipitation of prions by NaPTA. Brain homogenate (5% (weight/vol- 
ume)) containing 2% Sarkosyl was mixed with stock solution containing 4% 
sodium phosphotungstate (NaPTA) and 1 70 mM MgClj, pH 7.4, to obtain a 
final concentration of 0.2-0.3% NaPTA. Usually. 1-ml samples were incu- 
bated for 1 6 h at 37 *C on a rocking platform and centrifuged at 14,000^ In 
a tabletop centrifuge (Eppendorf) for 30 min at room temperature. The op- 
tional treatment with 25 \ig/m\ of proteinase K for 1 h at 37 "C was done be- 
fore or after precipitation. The pellet was resuspended in H,0 containing 
protease inhibitors (0.5 mM PMSF and aproUnin and leupeptin at 2 jig/ml 
each) and assayed by the conformation-dependent immunoassay. 

Equilibrium dissociation and unfolding In GdnHCI. Aliquots of 5% 
(weight/volume) brain homogenates in PBS (pH 7.4) containing 2% 
Sartcosyl and protease Inhibitor cocktail (5 mM PMSF and aprotinin and leu- 
peptin at 4 ^g/ml each) were mixed manually to the final concentration of 
GdnHCI and constant protein concentration In a sample and equilibrated 
for 16 h at 23 "C. The concentration of stock solution of 8 M GdnHCI 
(Pierce. Rockford. Illinois) in TBS (pH 7.4) was controlled by refractometry. 
Equilibrated samples were diluted 20-fold to the same final protein and 
GdnHCI concentration and assayed with Eu-labeled 3F4 IgG in conforma- 
tion-dependent immunoassays. '* 

The raw data from each assay were converted into a ratio of antibody 
binding to denatured/native PrP or the apparent fractional change of un- 
folding: F^ (refs. 25.58) by F^ « (Yo«-Y„)/(Y„-Y„), where is the ob- 
served value of the parameter and Y„ and Yu are the values of the 
parameters for native and unfolded forms, respectively, at the given 
GdnHCI concentration**^. 

Electron microscopy. Samples were prepared on carbon-coated 1.000- 
mesh copper grids that were glow-discharged before staining. Samples (5 
111) were adsorbed for about 30 seconds and washed with 2 drops of water. 
Contrast was provided by NaPTA retained as positive staining from the 
NaPTA precipitation step in the preparation: no additional staining was 
• used. After being dried, samples were viewed in a Jeol 100CX II electron mi- 
croscope at 80 kV at a standard magnification of 40.000. The magnification 
was calibrated with negatively stained catalase crystals. 
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The most infectious prion protein particles 

Jay R. Silveira\ Gregory J. Raymond^ Andrew G. Hughson^ Richard E. Race\ Valerie L Sim' 
Stanley F. Hayes^ & Byron Caughey' 



Neurodegenerative diseases such as Alzheimer's, Parkinson's and 
the transmissible spongiform encephalopathies (TSEs) are charac- 
terized by abnormal protein deposits, often with large amyloid 
fibrils. However, questions have arisen as to whether such fibrils or 
smaller subfibrillar oligomers are the prime causes of disease* ^ 
Abnormal deposits in TSEs are rich in PrP"*, a protease-resistant 
form of the PrP protein with the ability to convert the normal, 
protease-sensitive form of the protein (PrP^) into PrP^ (ref. 3). 
TSEs can be transmitted between organisms by an enigmatic agent 
(prion) that contains PrP^ (refis 4 and 5). To evaluate system- 
atically the relationship between infectivity, converting activity 
and the size of various PrP™-containing aggregates, PrP^ was 
partially disaggregated, firactionated by size and analysed by light 
scattering and non-denaturii^ gel electrophoresis. Our analyses 
revealed that with respect to PrP content, infectivity and convert- 
ii^ activity peaked markedly in 17-27-nm (300-600 kDa) par- 
tides, whereas these activities were substantially lower in large 
fibrils and virtually absent in oligomers of <5 PrP molecules. 
These results suggest that non-fibriilar partides, with masses 
equivalent to 14r-28 PrP molecules, are the most effident initiators 
of TSE disease. 

In designing strat^es to limit TSE infections and their propa- 
gation within hosts, it remains important to identify the most 
infectious partides and their molecular composition. For several 
protein aggregation diseases, such as AIzhdmer*s disease and other 
am)'loidoses, recent studies suggest that instead of being pathologi- 
cal, the formation of large amyloid fibrils might be a protective 
process that sequesters more dangerous subfibrillar oligomers of the 
amyioidogenic peptide or protein into rektivdy innocuous deposits'. 
Thus, efibrts to disaggregate am)doid deposits might do more harm 
than ^ood. Although TSE infectivity is assodated with a wide range 
of PrP^** aggregate states^ little is known about the rdative levels of 
mfectivity with respect to particle size, PrP content, or other 
potential constituents. Furthermore, the size of the smallest infec- 
tious unit remains under dispute. Reports that sodium dodecyl 
sulphate CSDS)-solubilized scrapie PrP monomers can be isolated 
^ ^^1°^ units^-' have not been confirmed'^-". Radiation inacti- 
^^tion^^ and liposome solubilization studies'* have su^ested that 
the minimal infectious unit is between 50-150 kDa, which would 
correspond to 2-6 PrP molecules, but no such small oUgomers have 
been isolated and determined to be infectious. The present study 
compares the scrapie infectivity and in ^ntro PrP-converting activity 
assodated with particles ranging in size between the ill-defined 
smallest infectious unit and large amyloid fibrils, and evaluates 
"Which are the most active with respect to PrP content An infectivity 
bioassay m hamsters was used to measure infectivity directly, whereas 
much fester m viVro PrP conversion assays were used as surrogates 
and supplements for the bioassay. Previous studies have shown 
extensive correlation between infectivity and in vitro converting 
activity^'*. ^ 



To break down large PrP^ aggregates and create a range of smaDer 
partides for evaluation of these activities, preparations of largely 
purified PrP"" were subjected to treatments with a variety of 
detergents and sonication. Initial results revealed that relatively 
small partides with high levek of converting activity were produced 
"when SDS was used at a concentration of -1% (Supplementary 
Fig. Si). Subsequent analyses of the alkyl sulphate femily of deter- 
gents indicated that further optimization was obtained by switching 
to sodium n-undecyl sulphate (SUS) treatment (Supplementary 
Fig. S2). SUS- treated samples were diluted so that the final SUS 
concentration (0.1%) was well bdow the critical micelle concen- 
tration, and fractionated according to size using flow fidd-flow 
fi^ctionation (FIFFF). Partide molar mass and radius measurements 
were obtained through in-line light scattering and lefiactive index 
detectors. PrP molecules eluted in two major peaks, one spanning 
fractions 5-« and another spanning fractions 19-27 (Fig. la, filled 
drdes). Dot-blot-based solid-phase conversion assays revealed that 
converting activity was first observed near firaction 10, rose to a 
plateau from fractions 12-18, and peaked around fraction 23 (Fig. la, 
open cirdes). Data obtained fii^m suspension-based conversion 
assays were consistent widi these results, and confirmed that the 
products observed in the solid-phase conversion assays represented 
proteinase K-resistant PrP fragments of the expected size^ (Sup- 
plementary Fig. S3a). To assess relative infectivity levels, fraction 
aliquots were also quickly diluted into normal hamster brain hom- 
ogenate and inoculated intracerebrally into hamsters. A marked 
shortening of the incubation period of disease was observed near 
fraction 9, indicating a substantial increase in infectivity'^ which 
peaked at fi*action 12 and remained relativdy steady throughout the 
rest of the dution (Fig. la, red squares). Because titration of both 
purified PrP"* and scrapie brain homogenate stocks produced 
consistent incubation periods of disease widi respect to levds of 
PrP~ (Supplementary Fig. S4a). LD56 (dose lethal to 50% of animals 
tested) values derived from 263K strain scrapie brain homogenates 
were used to estimate the levds of infectivity in the fractionated 
material (Supplementary Fig. S4b). This analysis indicated that the 
28-day shortening of incubation period between firactions 7 and 12 
corresponded to a >600-fold increase in infectivity. Given limits to 
the resolution of the FIFFF technique, it is likdy that the low levels of 
infectivity and converting activity detected in fractions 5-8 actually 
represent the leadir^ edge of activities associated with larger partides 
that peak in fractions >9. These results revealed a major discordance 
between the levels of PrP, converting activity and infectivity with 
respect to the size of the partides found in preparations of PrP'**. 

Because PrP is often thought to be the major protein component 
of the in fecti ous agent, the levels of converting activity and infectivity 
in the FIFFF fractions were divided by their total PrP content to give 
rdative 'specific converting activity' (Fig. lb. drdes; see also Sup- 
plementary Fig. S3b) and *spedfic infectivity' values (Fig. lb, c, red 
squares). Both of tfiese values peaked near fraction 12 and dropped 
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Figure 1 1 Analysis of fractionated PrP". a. Quantification of PrP (per 1-ml 
fractions) by dot immunoblotting with anti-PrP monodonal antibody 3F4 
(n ranged from 3 to 16 from four FIFFF runs)» analysis of convnting activity 
by solid-phase conversion assay (n = 9 frxim four FIFFF runs) and scxapie 
infcclivity analysis by incubation time assays in hamsters (n = 4 flfiTmaliy 
from one FIFFF run). Mean incubation periods (days) are indicated by red 
numbers in the ploL b, Calculated specific converting activity for the 
individual FlFFF run assessed for infectivity (n = 4 converting activity 
analyses), the consensus of all foiu- FIFFF runs (n = 9 converting activity 
analyses) and specific infectivity (n = 4 animals), c. In-line li^t scattering 
analyses of FIFFF nms indicating Mw (" = 3), (« = 4) and Tg (n = 4). 
The specific infectivity trace frx>m b is superimposed, d. Expansion of a 
region of the plot shown in c The solid red Une indicates the centre of 
fraction 12, and the dashed red lines lead to arrowheads, which indicate the 
mass and radii of particles at this point in the ehition. Mean values are 
shown; error bars represent ±standard error excqrt fr>r incubation time of 
disease, where they represent ±s.d. 



off steeply to each side of the peak. Indeed, the early PrP-containing 
fraction 7 had -^-BjOOO-fold lower specific infectivity than the peak 
firaction 12, and the large aggr^ates in fraction 23 had -^70-fold 
lower specific infectivity. This analysis revealed a tight correlation 
between specific infectivity and specific converting activity, and 
demonstrated that by fer the most active partides per unit PrP 
peaked in fraction 12.. Light scattering analyses of these particles 
indicated that they have apparent weight- average molar masses 
(JVf w) of several hundred kDa (Fig. led, blue squares) and apparent 
radii in the 12—1 4-nm range (Fig. Ic, d, green and violet squares). 

Table 1 summarizes the size parameters determined from four 
independent experiments assessed fr>r converting activity, and 
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Figure 2 | PAGE analyses of detergent-treated PrP^. a, b. Samples from 
FIFFF fractions were subjected to PAGE on 3-8% Tris-acetate gels and 
analysed by either silver stain (a) or immimoblotting with anti-PrP 
monoclonal antibody 3F4 after transfer to PVDF (b). c, d. Additional 
samples of purified PrP*^ were boiled in SDS-PAGE buffer without 
sonication, subjected to PAGE on 10% Bis-lris gels, and analysed in 
duplicate by dther immunoblotting (c) or solid-phase conversion (d). 
Fraction numbers and types of PrP^ used (PK PrP~, proteinase K-digested 
PrP^ are shown at the top. PrP ^ycofr>nns and oligomers are indicated on 
the left, and molecular weight standards (kDa) are shown on the ri^t. 
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a single fractionation analysed by infectivity bioassa>'s. The ratio (p) 
of the radius of gyration (fg) to hydrod>Tiainic radius (rh) was 
calculated to estimate the compactness of the particles with peak 
specific infectivity and converting activity (fraction 12). The values 
(—0.90) are typical of fairly compact, spherical or ellipsoid shapes'*. 
By comparison, much higher p values were obtained for fractions 21 
and 26, indicating the predominance of highly extended structures. 
Mean apparent values of — 600kDa (Mw) and ~13.5nm (rh) were 
determined for the material in fraction 12. These values presumably 
represent the size of the infectious particles including any bound SUS 
molecules. Analyses of a set of proteins (bovine serum albumin, 
ferritin, thyroglobulin) in the presence or absence of SUS showed 
that observed Mw and fh values could be increased by as much as 
73% and 60% respectively in the presence of SUS (data not shown), 
suggesting that the particles in fraction 12 may have detergent- 
subtracted Mw values as low as —300 kDa and rh values as low as 
—8.5 nm. Thus, these data indicated that the particles with the 
highest specific infectivity and specific converting activity were 
approximately 300-600 kDa, roughly spherical-to-elliptical, and 
17-27 nm in diameter. 

To assess more accurately the oligomeric state of PrP in the early 
fractions (<9) of the FIPFF separation, samples were subjected to 
PAGE without frirther denaturation. Protein (silver) staining (Fig. 2a) 
and PrP immimoblot (Fig. 2b) analyses of these gels revealed that PrP 
monomers and a ladder of discrete oligomers up to apparent 
pentamers (most visible in the immunoblot) peaked in fiactions 
5-8, which were extremely low in specific infectivity and specific 
converting activity (Fig. lb). However, in firactions 11-13, where the 
highest specific infectivity and specific converting activity were 
found, monomeric-to-pentameric structures were greatiy reduced 
and larger oligomers above the 250 kDa marker predominated 
(Fig. 2a, b). The converting activity associated with these oligomers 
was directiy assessed by subjecting detergent-treated PrP^ to PAGE 
as described above, and then electro-blotting the material onto a 
poiyvinylidene difluoride (PVDF) membrane for solid phase con- 
version analysis. Conversion products were only observed at the 
bands above the 150-250 kDa markers after SDS (Fig. 2d) or SUS 
(Supplementary Fig. S5c) treatments, even though the PrP content in 
the monomer and small oligomer bands was equivalent to, or greatiy 
exceeded, the protein content in the higher bands (Fig. 2c; see also 
Supplementary Fig. S5a, b). Thus, results obtained from PAGE-based 
analyses were in excelient agreement with those obtained ftom dot- 
blot-based solid-phase conversion analyses (Fig. la), and revealed 
that infectivity and converting activity co-finactionated with struc- 
tures larger than PrP pentamers, whereas PrP pentamers and smaller 
oligomers were devoid of converting activity. 

To visualize the sizes and shapes of firactionated PrP"* partides, 
samples from representative FIFFF fractions were analysed by trans- 
mission electron microscopy (Fig. 3). Consistent with the high p 
values noted in Table 1, firaction 26 contained a preponderance of 
long fibrils, whereas fi*iction 21 contained shorter fibrils in conjunc- 
tion with more amorphous materiaL Analysis of material from 
fractions 10 and 15 revealed a collection of smaller amorphous and 
spherical particles. Although it was unclear whether all of the 




Rgure 3 | Transmission electron microscopy analyses of fractionated 
PrP^. Fraction numbers are indicated in the upper left of each panel. No 
particles were visible on control grids loaded with buffer alone. Scale bars, 
100 nm. 



amorphous/spherical partides contained PrP, the results confirmed 
that there were no visible fibrils in these firactions. Tlius, the size and 
shape of the particles detected by transmission electron microscopy 
agreed with die light scattering measurements, indicatii^ that the 
most infectious partides of PrP^ were rou^ify spherical or ellipsoidal 
in nature, and ~ 20-25 nm in diameter. 

TSE Infectious units (prions) are likely to require both biochemi- 
cal activity as initiators of PrP conversion and stability against 
d^radation in the environment and the host. Whereas large PrP^ 
aggregates might be expected to have greater stability, smaller 
oligomers (4-15-mcrs) have been predicted to have greater convert- 
ing activity and infectivity per unit mass'"". Our present data 
provide systematic evidence that although the infectivity per partide 
did not vary by more than approximatdy twofold between different 
sizes of infa:tious aggrcigates (see Supplementary Discussion), the 
most infectious units per mass of PrP, or the best apparent compro- 
mise between sUbility and activity, are ♦^17-27-nm partides of 
300-600 kDa. If these infectious partides are composed soldy of 
PrP molecules averaging —213 kDa each (which may not be the 
case, see Supplementary Discussion), this would correspond to an 



Table 1 1 Biophysical parameters of fractionated PrP~* 



Fraction 


Mw 
OcDa) 


(nm) 


(rh)x 
Cnm) 


P 


6 (monomer/smafi PrP oligomers) 

12 (peak specific infectivity) 

12 (peak speciftc converting activity) 

21 (tntermediatfi fibrils) 

26 (largest fibrils) 


155 ± 62 
535 

620 ± 331 
7,770 ± 4,270 
15,220 ± 9,210 


ND 

1Z4 
IZl ± XO 

51.9 ± ^^3 

230.1 ± 463 


5.0 ± 1.7 

13.4 
133 ±0.9 • 
37.4 ± 6.7 
90.4 ± 8.1 


ND 
0.93 
0.90 
1.38 
235 


^."^^'i'llS^* radius of ojation (Cr,),) and z-average hydrodynamic radius ((rO,) values (mean - s^) wc 
W . Values for one fractionation of PrP~ assayed for infectivity are also showa p « V^h. ND. not determined. 


sre determined from four fndividual fractionations of 
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oligomer of 14-28 PrP molecules. Interestingly, this size range is 
consistent with the smallest disease-associated PrP aggregates 
((500 kDa) observed previously*-. Our observations that the smallest 
stable unit with PrP converting activity is larger than a 5-mer concur 
with the results of a previous study that showed that SDS-generated 
oligomers comprising 4-6 PrP molecules with diameters of - 10 nm 
are not infectious^. Furthermore, we join others in £uling to confirm 
previous reports of the generation of infectious PrP monomers in the 
presence of alkyl sulphate detergents'"". However, although we 
screened deUberatdy for conditions that generate small filterable 
particles with converting activity, it remains possible that other 
conditions can stabilize infectious partides that are smaller than 
PrP hexamers. 

The feet that the most infectious imits are much smaller than the 
amyloid fibrils that are often observed in TSE-infected tissues and 
tissue extracts reinforces concerns that incomplete attempts to 
destabilize PrP^ aggregates for the purposes of therapeutics or 
decontamination might result in unintended increases in infectivity. 
Consistent with this possibility, we observed that resonication (in 1% 
SUS) of large fibrillar PrP"* fractions from the FIFFF separation 
decreased the average fibril length (according to electron 
microscopy) and increased converting activity by several-fold (data 
not shown), and others have reported that sonication of PrP*** in the 
presence of phospholipids can increase scrapie infectivity levels'^ 
This is not to say that the most infectious particles are necessarily 
derived from in vitro fragmentation of PrP"^ fibrils. Another strong 
possibility is that these partides are derived primarily from a distinct 
non-fibrillar PrP ultrastructure in TSE-infeaed brain tissue, such as 
the commonly observed amorphous membrane-assodated deposits^. 
CoUectivdy, our observations support the emerging view that with 
protein folding/aggregation diseases, smaller subfibrillar particles may 
be much more pathological than larger amyloid fibrils or plaques. 

METHODS 

Partial disa^egadon of PrP"*. PrP™ was purified from scrapie-inferted 
(263K strain) hamster brain and treated with proteinase K as described 
previously*'' to produce a product of >90% purity. Unless designated odierwise, 
the samples were pelleted (20,800^, 20 min. 4 *C). re-suspended to 0.1 mg ml"^ 
in 20mM Tris pH7.0 containing 1% SUS, sonicated for 1 min in a cup horn at 
maximum power, firozen in a dry Ice/ethanol bath for 5 min, thawed, and 
incubated at 37 for 1 h. Additional HFFF experiments in which the sonication 
step was omitted have shown that the intermediate-sized non-fibziUar oligomers 
■with the highest specific converting activity are still generated, and the recovery 
of converting activity in fractions containing predominantly PrP monomers to 
pentamers is riot enhanced (data not shown), hi other designated experiments, 
samples of PrP"* (0.25 mgml"') were simply boUed for 2 min in SDS-PAGE 
buffer (250 mM Tris pH7.0, 1% SDS, 5% glycerol, 2.5% 3-mercaptoedianol, 
0.00025% bromophenol blue) without sonication. 

Fractionation of PrP"*. Samples of partially disaggregated PrP^ (50 {ig) were 
filtered through 0.2 fim Nanosep centrifugal devices (Pall Life Sciences) by 
centrifugation (500^, 20 min, 25 "C), and the filtrate was subjcaed to asymme- 
trical flow fidd-flow fractionation^ on an Eclipse F separation system (Wyatt 
Technology Europe). The channel was 26.5cm in length and 350 (un in height, 
constnioed with a trapezoidal spacer of maTiTnal width 21 mm at the inlet, and 
lined with a 10-kDa cutoff polyethersulphone membrane at the accumulation 
walL The sample was loaded in five 100-^x1 injections, then eluted with 20 mM 
Ins pH 7.0 containing 0.1% SUS at a channd flow of 1 ml min" * and a cross flow 
decreasing fit>m 3mlmin~' to Omlmin"^ over 20 min while collecting 1-mI 
fractions. 

light scattering analyses. Static light scattering, refractive index and dynamic 
light scattering measurements were carried out on DAWN EOS, Optilab DSP and 
WyattQELS instruments, respectively (Wyatt Technologies), coimected in-line 
to the FIFFF system. Weight-average molar mass (Mw)> z-averagc radius of 
gyration ((rg)^) and z-average hydiodynamic radius ((riJr) values were calcn- . 
lated using ASTRA analysis software (version 4.90.07). 

Solid-phase PrP conversion. Samples (50-250 id) of fi^onated PrP" were 
loaded omo PVDF membranes using a 96-weIl dot-blot apparatus as described 
previously" or traiisferred by dectio-blotting. Blocking and conversion on 
membrane sheets (—55 cm*) were carried out as described^ under Gdn-free/ 
detergent-free conditions with the following exceptions: conversion reactions 
2M> 
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(5 ml) on each membrane sheet contained 500,000 counts per min ^^labdled 
PrP*", and 0.1% fetal bovine serum was replaced with 2% BSA. Proteinase K 
digestion (5 ml; 1 0 fig ml" * ) was terminated by drying the membrane, which was 
subjected to autoradiography and Phosphorlmager analysis. Relative amounts of 
conversion in dot-blot analyses were obtained by comparison to a series of PrP" 
standards (1-1,000 ng) loaded onto each membrane sheet. 
Incubation time bioassays for scrapie infectivity. Immediately after FIFFF 
separation, samples of PrP*^ were diluted fivefold into physiological phosphate 
buffer containing 1^5% normal hamster brain horoogenate and 40 mM sucrose, 
and 50 \j1 aliquots were inoculated intracerebrally into Syrian golden hamsters. 
Hie incubation period of disease was defined as the number of days from 
inoculation to euthanization when confiLimed to have dinical disease (recnnd»ent 
animals). 

Transmission electron nucroscopy. Samples of fractionated PrP**" (— 5 id) were 
placed on 400-mesh parlodian-<x>ated m"ckel grids, incubated for 1 h, washed 
with HjO (three times for 10 min), stained with 1% ammonium molybdate for 
30 s, dried and visualized on an 80-kV Hitachi H7500 microscope fitted for 
image capture with a Hamamatsu side-raoimted modd C4742-95 CCD camera 
and Advantage HR/HR-B digital image software (AMT). AU steps were 
performed at ambient temperature, and all reagents were passed through 0.02- 
|tm filters within an hour of use. 
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1. Supplementary Methods 

Analysis of filtered converting activity 

Samples of purified, PK-digested 263K PrP-res (2 mg/mL) were pelleted (20,800 x g, 20 
min, 4°C), and resuspended in an equal volume of 0.25 M Tris pH 7.0. Aliquots (0.5-7.5 
uL) were diluted to 0.1 mg/mL in the same buffer containing various detergents, without 
sonication. Samples were subjected to a 5 min fireeze/thaw cycle, incubated at 37°C for 
one hour, and filtered by centriftigation (14,000 x g, 3 min or 500 x g, 20 min) at 25 °C 
through 0.2 pm or 300 kDa (-30 nm) Nanosep centrifugal devices. Filtrates of the 
material were analyzed by solid-phase conversion assay, and the formation of small 
particles that retained converting activity was assessed by the levels of converting activity 
in filtrates, which were expressed as a percentage of the level of converting activity 
detected in untreated, imfiltered PrP-res, 

Suspension-based PrP conversion 

Samples (20 (iL) of firactionated PrP-res were analyzed in suspension-based conversion 
reactions (40 |xL) containing 40,000 CPM ^^S-PrP-sen under the same conditions used for 
solid-phase conversion reactions except for the presence of residual SUS (0.05%) and 
Tris (10 mM) derived firom the samples. PK (20 fig/mL) digestion, SDS-PAGE, and 
conversion eflSciency calculations were performed as described previously^. 
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Scrapie infectivity titrations 

Groups of Syrian golden hamsters wctc inoculated intracranially (50 p,IVanimal) with 
successive 10-fold dilutions of either 1% brain homogenate or purified PrP-res. Dilutions 
were made in physiological phosphate buffer containing 2% fetal bovine serum. 
Homogenates (-10* LDso/50 [iL) were derived fiom the brains of hamsters clinically- 
affected with the 263K strain of hamsto: scr^ie. LD50 values were determined as 
previously described^, and the incubation period of disease was defined as the number of 
days from inoculation to euthanization at end-stage clinical disease (recumbent animals). 

Determmation of specific infectivity, specific converting activity, and statistical 
anal3^es 

Levels of infectivity (LD50) were first determined firom the incubation period of disease 
for each animal by using the equation fit to the data in Supplementary Figure S4b: 

LD^o =5.21x10'' 

where T is the incubation period of disease in days. 

The mean and standard error (SE) for LD50 values, convoting activities, and PrP amounts 
were then determined for each firaction. 

The levels of scrapie infectivity and PrP converting activity with respect to PrP amoxmt 
(specific infectivity and specific converting activity respectively), are defined as: 
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Specific infectivity = infectivity/PrP amount 

Specific converting activity = converting activity/PrP amount 

The standard errors of specific infectivity and specific converting activity were derived 
by using a Taylor series expansion. Note that specific converting activity and specific 
infectivity are estimated by the ratio of two averages: the average converting activity or 
infectivity (Y) divided by the average PrP amount (X). The standard error of specific 
converting activity or specific infectivity (Y/X) can be approximated by: 

/SE(Y)^ ^ E[Y]^*SEC?0^ 
\ E(X)^ Epq' 



where EpC| and SE(X) are the mean and the standard error of PrP amount, and E[Y] and 
SE(Y) are the mean and the standard error of converting activity or infectivity. 



2. Filtration of converting activity in SDS-treated samples of PrP-res. 




CLS 1^ 1^ ZO Z5 OJ^ OJS iS 2Ji 2JS 



Figure SI Samples of PrP-res were treated (1 br, 37° C) with SDS at concentrations 
from 0 to 2.7% without sonication, passed through either 0.2 ^m (a) or 300 kDa (b) 
filters, aad the filtrate was analyzed for in vitro PrP-converting activity by solid-phase 
conversion assay. 
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3. 300*kDa filtration of converting activity in alky! sulfate-treated samples of PrP- 
res. 




AikyI chain length 

Figure S2 Samples of PrP-res were treated (1 hr, 37'' C) with 1% alkyl sulfate solutions 
without sonication, passed through a 300-kDa filter, and the filtrate was analyzed for in 
vitro PrP-convertiQg activity by solid-phase conversion assay. Values are shown for two 
different purified stocks of PrP-res, and for preparation #2 represent mean ± range (n = 
2). The samples treated wifli SUS and SDS are indicated for preparation 1 . 
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4. Suspension-based conversion assay of fractionated PrP-res. 




0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 
Fraction number 

Figure S3 a, autoradiogram of products fiom suspension-based conversion assay of 
select FIFFF fractions. Lanes 1-1 1 represent 1/10 of the "S-PrP-sen applied to the 
conversion reactions, and lan^ 12-22 represent the remaining 9/10 of the conversion 
reactions, which were digested with PK. Control reactions with PrP-res (lanes 1-3 and 
12-14) were analyzed to relate amounts of PrP-res to percent conversion. Fraction 
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numbers or amounts of PrP-res (ng) are shown at the top, and the percent conversion 
(bottom) was calculated using the ^^S-PrP bands indicated to the right. Molecular weight 
standards (kDa) are shown on the left b. Calculated specific converting activity. The 
relationship between the amoxmt of input PrP-res, and the percent conversion was linear 
up to at least 12,5 ng PrP-res (inset). The presence of the peak of specific converting 
activity at fiuction 14 was consistent with a slight shift in the elution profile of the PrP- 
res in this individual analysis and did not represent a notable change in the Mw or size of 
the particles found at the corresponding peak in solid-phase conversion analyses. 



5. Titration of scrapie infectivity. 
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F^ure S4 Incubation period of scrapie disease as a funcrtion of (a) PrP-res derived from 
either scrapie infected brain homogenates (n ranged from 18 to 28 animals for each 
dilution) or purified PrP-res (n = 6 for each dilution), or (b) LD50 (n ranged from 18 to 28 
animals for each dilution). Mean incubation periods are indicated by numbers in tiie plot, 
error bars represent ± s.d. 
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6. PAGE analyses of SUS-treated PrP-res. 

a b e 




Immunoblot Silver 
stain 



Figure S5 Samples of purified PrP-res were subjected to the SUS disaggregation 
procedure described in the methods section of the main text, with the addition of 10 min 
boiling alone, or boiling in urea sample buffer (62.5 mM Tris pH 6.8, 5% glycerol, 5% 
SDS, 0.02% bromophenol blue, 3 mM EDTA, 4 M urea), separated by PAGE on 3-8% 
Tris- Acetate gels, and analyzed by either (a) immunoblotting, (b) silver stain, or (c) 
solid-phase conversion. Note that the lower percentage acrylamide gels used in this 
figure cannot resolve individual PrP glycofonns, while the higher percentage acrylamide 
gels used in Fig 2, panels c and d can. PrP oligomers are indicated on the left, and 
molecular weight standards (kDa) are shown on the right 
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7. Denaturing PAGE analyses of fractionated PrP-res. 




PrP Monomer 



Figure S6 Samples were removed from FIFFF fractions, boiled 10 min in urea sample 
buffer, subjected to PAGE on 10% Bis-Tris gels, and analyzed by silver stain. Fraction 
numbers are shown at the top, molecular weigjit standards (kDa) are shown on the left, 
and the location of PrP monomer is indicated on the ri^t 
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8. Supplementary Discussion 
Estimation of infectivity per particle 

From our FIFFF data, we can estimate infectivity per particle, rather than per unit PrP. 
Assuming that most of each particle is PrP (which may not be true for all of the 
fractions), such calculations suggest that the infectivity per particle values were similar 
throughout the most infectious FIFFF fractions (10-23 in figure 1), with the smaller non- 
fibriUar particles (e.g. fraction 12) having values slightly higher, but within 2-fold, of 
those of large fibrils (e.g. firaction 23) (data not shown). Thus, as long as infectious 
particles are above a minimum size, particle concentration is a key parameter in 
determining scrapie infectivity titer. 

PrP content of PrP-res aggregates 

Based on protein assays and ultra-microbalance measurraients, 47±9% of the vacuum- 
dried weigjit of flie washed, imfiractionated SUS-treated PrP-res particles was protein 
(data not shown), and, according to semi-quantitative western blots (data not shown), 
>87% of the protein was PrP. Adjusting for the glycan and glycophosphatidylinositol 
content (~25%) of PK-treated PrP molecules, we estimate that at least 54% of the mass 
was attributable to PrP molecules. In addition, the silver-stained gel in Supplemmtal Fig. 
S6 shows that the vast majority of protein in aU of the FIFFF fractions was PrP. 
However, it is unclear how much of the non-PrP mass of the aggregates is tigjitly bound 
SUS versus other molecules (e.g. polysaccharide^, glycosaminoglycans^, lipids^), or what 
proportion of the most infectious particles is PrP. We have not been able to separate the 
unidentified silver-stained molecules migrating below the 15-kDa marker from the FIFFF 
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fractions with PrP and infectivity (Supplemental Fig. S6). These proteins do not react 
with our anti-PrP antibodies and, so far, have defied identification by MALDI-mass 
spectrometry of proteolytic fi^gmaits (data not shown). Whether these or other 
molecules are essential components of tiie most infectious units remains to be 
determined. Our demonstration of infectivity in particles of a few hundred kDa 
establishes this mass as the upper limit for any individual molecular component of 
infectivity, especiaUy if one is to aUow for the presence of PrP molecules as at least part 
of the minimal particle mass. 
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EEC Regulatory Document 
- - JMote for Guidance 

Guidelines for Minimizing the Risk of Transmitting Agents Causing Spongiform 
Encephalopathy via Medicinal Products* 

and Working Party on Safety Medicines ' "^^macy 



1. General remarks 

Bovine spongiform encephalopathy (BSE) was first 
reco^zed in the U.K in 1986. Since then a large 
number of cattle and individual herds have been 
affected. This note for guidance considers the impli- 
cation of the disease for medicinal products and 
methods for minimizing the risk of transmission by 
their use. 

The naturally occurring spongiform encepha- 
lopathies mclude scrapie (in sheep and goats), chronic 
wastmg disease (CWD; in mule deer and elk), bovine 
spongiform encephalopathy (BSE; in cattle) as well 
as Creutzfeldt-Jakob-Disease (CJD) and Kuru (in 
humans). Agents causing these diseases replicate in 
infected mdividuals without being detectable by diag- 
nostic tests applicable to the hving organism After 
incubation periods of up to several years the agents 
cause disease and, finally, lead to a fatal outcome. No 
means of therapy are known. 

Diagnosis is based on chnical signs with post- 
mortem confirmation of characteristic brain lesions 
by histopathology or immunological detection of the 
nbriUary proteins specific for the spongiform 
encephalopathies. The demonstration of infectivity 
^y the moculatioii of suspect tissue into target species 
or laborato^ animals may also be used for confinna- 
aon butwith an incubation period of months oryears 
W ?f transmission of spongiform encepha- 
lopathies has been reported. In sheep., scrapie has 
^en accidentally transmitted via the application of 
ix)upmg in vaccine prepared fi^m pooled, formalde- 

OmTmH ^^"""^^ ^^^^ Permanent 

Switzeri^^i^*^^^^' ^^^^ ^"-1211 Geneva. 

wiSlL^^^'" ^ EC copyright. It is published 

^tti the agreement of the Office of EC Publications 
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rtoposed date for coming into operation, 1 May 1992 



hyde-ta^ated ovine brain and spleen in which mate- 
rial from scrapie-infected sheep had been 
madvertently incorporated. In humans, cases of 
transmission of CJD have been reported which have 
been attributed to the repeated parenteral adminis- 
^ation of growth hormone and gonadotropin derived 
fromhuman cadaveric pituitary glands. Cases of CJD 
have also been attributed to the use of contaminated 
instruments in brain surgery and with the trans- 
plantation of human meninges and cornea. 

There is no evidence that spongiform encepha- 
lopathies have been transmitted from animals to 
humans. However, the possibility of such transmis- 
sions although remote, cannot be dismissed 
Therefore due prudence is warranted if biological 
materials are used for the manufacture of medi- 
cmal products from species affected via non-experi- 
mental routes by those diseases, primarily 
ruminants, and among these especially cattle 
sheep and goats. ' 

Information on the characteristics of the agents is 
limited. They are extremely resistant to the chemi- 
cal and physical procedures that inactivate conven- 
tional viruses. They do not induce a detectable 
immune response. There are natural barriers which 
hmit the mterspecies spread of infection, but they can 
be crossed under appropriate circumstances usually 
mvolvmg efficient routes of administration and high 
doses of agent. Studies on laboratory animals have 
shown that intracerebral inoculation is much more 
efficient than any other route and is followed in 
.decreasing order of efficiency, by intravenous 
mtrapentoneal and subcutaneous administration 
The oral route is less efficient than the parenteral 
routes. In some cases species barriers can be crossed ' 
only after passage of the agent through intermediary 
species. 

Human beings have been naturally exposed to the 
scrapie agentforatleast200years. but despite exten- 
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sive epidemiological studies no sign of transmission 
of scrapie .to huinans^h^.§ been detected. In so far as 
BSE is different from scrapie, it is conceivable that 
the species b^riers may also.1^ different. Therefore, 
the recomimendations below should be followed. 

The accept Aility of a particular medicinal product 
containing or derived from bovine materials will be 
influenced by a number of factors including the selec- 
tion and processing of source materials, the age and 
geographical origin of the individual source animal, 
the intended use of the product, its stipulated dose 
and route of.administration, production process and 
quaHty control. The state of science and technology 
must be taken into consideration. -All products will 
be considered on a case by case basis. 

2. Scope of the note for guidance 

This note for guidance covers all medicinal products 
which contain active ingredients and/or excipients 
derived from bovines, as well as medicinal products 
for which the production process involves bovine 
materials. 

The note also covers the use of such materials in 
procedures which are indirectly associated with the 
manufacturing process, for example, in test media 
used in the vgQidation of plant and equipment to avoid 
cross-contamination. 



3. Manufacture (including collectipn of source 
materials) 

The safety of medicinal products can be secured fur- 
ther, and the risk of transmission of infectious agents 
greatly reduced by combinations of the measures 
specified in this note for guidance or other appropri- 
ate measTires. The pharmaceutical manufacturers 
and the producers of medicinal products of animal 
origin are responsible for the selection of adequate 
measures. 

3. 1 . Animals as source of materials 

Careful selection of source materials is the most 
important criterion for the safety of medicinal prod- 
ucts. The use of source materials from countries 
where there is a high incidence of BSE is to be avoided. 

The following criteria should be taken into accoxmt 
when sourcing materials. 

3.1.1. Materials may be sourced from countries which 
have not reported cases of BSE, if they have an effec- 
tive veterinary service capable of detecting a low inci- 



dence of disease and if BSE is reportable. Of&ciai 
certification should be presented. 

In addition, it should be ensured that there is no 
risk of BSE infection from the following factors: 

(a) the feeding to ruminants of ruminant protein 
derived from the specified offal (brain, spinal 

' cord, spleen, th5rmus, tonsil and intestine fror^ 
duodenum to rectum, placenta), either produced 
in the country or imported from other countries; 

(b) the processes used in the rendering industry; 

(c) scrapie-associated factors; 

— the incidence and prevalence of scrapie; 

— the ratio of sheep and goats to cattle; 

— the relative geographical distribution of sheei? 
and goats to cattle, where this might have led 
to the use of sheep material in cattle feed ui 
the past; 

(d) importation of cattle above the age of 6 months 
from coimtries where a high incidence of BSE has 
occurred and/or importation of progeny oif 
affected females. 

3.1.2. Materials may also be souirced from coimtries 
where a low number of cases have occurred, if in addi;. 
tion to the factors in paragraph 3. 1.1: 

— BSE has been made legally notifiable; 

— tiie carcasses of all affected animals are destroyed; 

— the progeny of affected females are not used. 

3.1.3. Satisfactory source materials may be obtained 
from established and rdorutored herds, where thisir 
feeding and breeding history is documented. This is 
possible even in countries with a high incidence of 
BSE. 



3.2. Age of animals 

Natural scrapie or BSE has not been detected in 
animeds imder the age of 6 months. Therefore, cattle 
3delding source materials should not be older than. 6 
months unless otherwise justified. 



3.3. Parts of animal bodies, body fluids and secre- 
■ tions as starting materials 

In the infected animal, different organs and sect^ 
tions contain different maximum concentrations of 
infectivity. On the basis of experimental data on 
trsmsmissible spongiform encephalopathies, organs,' 
tissues and fluids can be classified into four main; 

• . . m 
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groups bearing dififerent potential risks, as shown in 
the. table below. These potential risks, amongst other 
criteria, should be conal^reff f&f the selection of 
source materials. 

Although being base*on studies of natural scrapie 
the classification can be appHed to the related dis- 
eases m mule deer (CWD) and cattle (BSE), which 
have similar incubation periods. However, the cat- 
egories m.the table are only indicative and it is impor- 
tant to note the following points:. ^, 

— the classification of tissues shown in the table is 
based on titration of infectivity in mice by the 
mtracerebral route.^-^ In experimental models 
using agent strains adapted to laboratory ani- 
mals, higher titres and a sHghtly different 
classification of tissues may occur.*-* For experi- 
mental intraspecies transmission, titres of up to 
10 have been reported.*^ Therefore, the risks 
could be higher when mfedidnal products are 
manufactured form, and used in, the same species; 
— the potential risks will be influenced by the cir- 
cumstances in which tissues were removed espe- 
cially by contact of material of a low-risk 'group 
with that of a high-risk group. Thus the contam- 
mation of some tissues may be increased if 
mfected animals are slaughtered by penetrative 
bram stunning, or if the brain and/or spinal cord 
IS sawed; 



dura mater, hypophysis and pineal gland from 

animals older than S months should be regarded 
as belonging to category H only if contamination 
with brain tissue can be avoided; 

— body fluids should be collected with minimal dam- 
age to tissue, and cellular components should be 
removed; e.g. fetal blood should be collected with- 
out contamination from placenta and amniotic 
fluids. 

The information currently available suggests that 
given assurances of adequate collection and process- 
mg, certain materials and thefr derivatives are 
unlikely to present any risk of contamination. These 
mclude: milk and its derivatives, e.g. lactose and 
casern; skin and its derivatives, e.g. gelatine; hair and 
wool and their derivatives, e.g. wool alcohols and 
lanolin. 

In addition, materials derived from rendered car- 
casses and subjected to rigorous processes of extrac- 
tion and purification (e.g. triglycerides, glycerol 
sorbitan esters etc. manufactured from tallow) may 
be considered unlikely to be contaminated. 

3.4. Cellular substrates 

Cell lines known to be capable of concentrating or 
amphfying agents causing spongiform encepha- 
lopathies must not be used in the manufacture of 



Relative scrapie infectivity titres in tissues and body fluids from naturally 
mfected sheep and goats with clinical scrapie* 



Category I 
High infectivity 
Category II 
Medium infectivity 

Category m 
Low infectivity 

Category IV 

No detectable infectivityf 



Brain,, spinal cord (eye) 

Ileum, lymph nodes, proximal colon, spleen, tonsil 
(dura mater, pineal gland, placenta), cerebrospinal 
fluid, pituitary, adrenal 

Distal colon, nasal mucosa, sciatic nerve, bone 
marrow, liver, limg, pancreas, thymus 

Blood clot, faeces, heart, kidney, mammary gland 
nulk, ovary, saUva, sahvary gland, seminal ves- 
icle, serum, skeletal muscle, testis, thyroid, uterus 
foetal tissue (bile, bone, cartilaginous tissue, con- 
nective tissue, hair, skin, urine) 



^J_N„u,fect.vxtywastra,>snuttedmbioassaysinvolvinginoculati^^ 
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medicinal products, except for reasoned exceptional 
^ cases. 

4. PFocedures which remove or inactivate agents 
causing spongiform encephalopathies 

Removal and inactivation procedtires contribute to 
the reduction of the risk of infection. Their effective- 
ness in removing infectivity during a given produc- 
tion process mu§ri3gn6stfea-~and validated using 
appropriate model systems (presently, animal infec- 
tion experiments). 

Whereas none of the following procedures may 
guarantee complete inactivation of the infectious 
agents, the efficiency of the first three methods on 
this list is considered greatly superior to that of the 
remaining ones: 

— autoclaving at appropriate conditions (recom- 
mended parameters are 134-138*C for 18 min for 
porous-load autoclaving, and 132^C for 1 h for 
gravity-displacement autoclaving); 

— treatment with sodium hydroxide (preferably: 1 N 
solution, for 1 h at 20*^0; 

— treatment with sodium hypochlorite (preferably: 
solution containing at least 2% available chlorine 
for 1 h at 20°C); 

— autoclaving at shorter times and/or lower tem- 
peratures than those given above; 

— extraction by organic solvents (use the organic 
phase); 

— removal of protein by precipitation, ultracen- 
trifugation or absorption; 



— preparation of filtrates by passage through 10 
filters; 

— passage through appropriate chromatograp 
colunms (before re-using treat columns for - 
with at least 0-1 n sodium hydroxide); 

— treatment with 6 M urea.^ 



5. Concluding remark 

Although the^se guidelines relate particularly to B 
and materials of bovine origin, they should be c 
sidered in relation to material fi-om sheep, goats f 
other species affected via non-experimental routes 
agents causing spongiform encephalbpathi 
Finally, while this note for guidance has gene 
applicability, it may not be necessary to fulfill al 
the listed mea^xn-es for all products. The poteni 
risk associated with a given medicinal product \ 
have to be considered individually in the light 
specific circumstances and current knowledge. 
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Biochemistry and structure of PrP<^ and PrP^c 

Detlev Riesner 

Institut fiir Physikalische Biologic. Hemrich^Heine^Unwersttdt Dusseldorf, Dzisseldorf, Germany 

In a brief historical d^crlption. It is shown that the prion model was developed 
from the biochemical and biophysical properties of the scrapie infectious agent. ^ 
The biochemical properties of the prion protein which is the major, if not only, 
component of the prion are outlined in detail. -Prf is a host^ncoded protein which 
exists as Prpc <cellular) in the non-infected host and as PrP^<scrapie) as the major 
component of the scrapie infectious agent. An overviewof the purification 
techniques is given. Although chemicaWy identical, the biophysical features of Prps^ 
are drastically different in respect to solubility, -structure, and stabiiity; • 
furthermore, specific lipids and a polygiiKose scaffold were found In prions, 
whereas for nucleic acids their absence could be proven. The st-ruct-ure of 
recombinant PrP in solution is known from spectrc&copic studies and with high 
resolution from NMR analysis. Structural models of PrP^ were derived recently 
from electron microscopic analysis of two-dimensional cryrtals. Conformational 
transitions of PrP In vkro were studied with different techniques in order to mimic 
the natural Prpc to PrP^c -conversion. Spontaneous transitions-can be induced by 
solvent change^ but at present infectivity cannot be induced in vkro. 



The early history of the prion model is the history of the biochemical and 
biophysical properties of the scrapie infectious agent. In searching for a 
virus, no viral features were found; howevex; highly enigmatic propertiesof 
the infectious agent were demonstrated, such as absence of parddes in die 
electron microscope, no immune response durii^ die infection, and high 
r^istance of the agent against chemical and ph>-5ical treatment. As early as 
1966 from mactivation studies using ionising and UV-irradiation, Alper Bt 
aP concluded that the target size of the scrapie infectious agent {SO-ISD 
kDa) is too small for a virus but more characteristic of a protein. Many 
experimental results were left unexplained until Prusiner took up the 
inactiyation studies and performed systematic analysis using- not only 
chemical and physical, but also enzymatic procedures. He summarized the 
results under two groups: U) procedures which modify or destroy nucleic 
acids do not inactivate scrapie infectivity; and <ii) procedures which modify 
or destroy proteins inactivate the infectivity. from that, he came to the 
conclusion that the scrapie infectious agent could not be a virus but a novel 
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proteinaceous type of an agent, >yhich he termed 'prion' (proteinaceous 
infectious particle)^. 

To confirm a protein-like agent, the protein {one or more molecular 
species) had to be purified and characterized. A hydrophobic and, in 
mild detergents, insoluble protein of molecular weight 33-35 kDa could 
be highly enriched. In a collaborative research project involving the 
laboratories of Prusiner, Hood and Weissmann using the Syrian hamster 
as the experimental animal, the sequence of a peptide fragment v^ras 
found; from this, the DNA-sequence was determined, first in a cDNA- 
library and later in a genomic library. The major component of the prion 
was shown to be a host-encoded protein, later called prion protein^'^. In 
one sense, the finding raised doubts about the prion model, because no 
foreign information, even a foreign protein, was found; alternatively, it 
supported the possibility, which indeed was mentioned earlier as a 
purely theoretical possibility^, that rather thain a self-replicating protein, 
an infection-induced synthesis of a host protein might be the basis for 
prion amplification- 

The strong, but not complete, resistance of prions to de^adation by 
proteinase K (and other proteases) had supported the hypothesis of 
prions. When, however, the prion protein was identified as encoded in 
the host genome, the protein was found also in the non-infected host^. 
Its resistance against proteinase K digestion was barely -measurable, so 
that a clear biochemical distinction between two isoforms of the prion 
protein could be drawn: the cellular prion protein PrP^ in the non- 
infected organism, and the scrapie isoform PrP^ as the major component 
of the purified infectious agent. It should be emphasized that proteinase 
K resistance of PrP was used as a biochemical marker for infectivity, and 
often TrP^' and TrPres* (for resistance) were used synonymously. Later, 
however, it was shown, that infectivity and proteinase K resistance do 
not correlate in all cases; therefore, in this chaptei^ PrP^^ is used for the 
property of infecrivity and PrPres for proteinase K resistance, 
respectively. 

Chemical properties of PrP and recombinant PrP 

A few biochemical feamres of PrP were the basis of the prion hypodiesis in 
die early days. In the mean rime, PrP is one of the most intensively studied 
proteins, its chemical properties are well known whereas the biological 
function of PrP^ is still under discussion as outlined elsewhere in this volume. 

Plate I summarizes, the amino acid sequence, processing, and post- 
translational modifications of PrP fi^^m the hamsten The final, processed form 
of PrP contains amino adds 23-231 firom the original translation product of 
253 amino acids. Peptide 1-22 is cleaved as signal peptide during trafficking, 
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and pepGde 232-253vis replaced by the glycosyl-phosphatidylinositoJ- 
anchor (for details see elsewhere in this volume). The cellular form is 
artached via the anchor to the outer membrane. Asparagine residues 181 
and 197 carry highly branched glycosyl groups with siaHc acid 
substitutions. PrP is always isolated as a mixture of three forms - 
unglycosylated, with one glycosyl-, and with two gJycosvl-groups. A 
disiilphide bridge is formed between Cysl79 and Cy>5214. As indicated 
m Plate I, PrP contains 2 hexarepeats and 5 octarepeats in its N-terminus 
tsee Prusiner^ and Weissmann*). 

The amino add sequence is the same whether derived from the genomic 
DNA sequera^ or directly tiy peptide sequencing. PrF= and Vit^ are 
identical with respect to all cheanical features described in Plate 1. Note 
howeveii that the glycosyl groups are heterogeneous, and only typical 
glycosyl groups are depicted in Plate L Since it is nearly impossible to 
compare quantitatively distributions of di^ent glycosyl groups the 
chemical identity of Prpc and PrPS= is not completely safe in this r-esp^ 

Purification of PrP was attempted first in efforts to purify tke 
infec^ous agent from riie brain of infected animals. This became 
possible only after the hamster was introduced as experimental animal 
where there is a relatively short incubation time of 3-5 months instead 
of one or more years in die case of mouse or sheep. Furthermore, in the 
hamster the infectious dose {ID^^) could be determined not only by end- 
pomt titration using about 50 animals for one value, but also by the 
incubation time assay* in 4-6 hamsters. The purification procedure. 
consKft of a homogenization of the tissue and a series of precipitations 
and differential centrifugations. In the.standaid procedure, the solvent 
contains detergents, and a protein digestion step with proteinase K is 
mcluded. Thus, die proteinase K resistance of PrPS« was essential for the 
punficalaon, and PrP 27-30 was obtained as the purified product'", "nie 
CTttena for optimization ate the total yield of infectivity and the specific 
infectivity IDj/g of material). 

Besides the need f or PrPS' purification, for many studies purified PrP<^ 
IS also required. AltixMigh the amount of PrPC in brain is very high in 
contrast to other tissues, it represents less than 0.1% of the total central 
nervous system proteins. For example, from 100 hamster brains only a 
few micrograms <rf purified PrPC were obtained in an optimal procedure. 

Obviously, expression of recombinant PrP in Escherichia colt was 
required. First attempts to isolate PrP from £. coli yielded either low 
expression levels or low purification efficiency because of die instability 
and.msolubility of the protein. Furthermore, the disulphide bond in PrP, 
which is -(Sssentiar for correct foltiing of PrP, is not fonned under the 
reducmg cdnditions in the cytoplasm of £. coii. Attempts ^o fuse PrP 
with protcms that target the product in the periplasm and thereby 
spontaneously form the disulphide bond in vivo were not effective in 



British Medial St///ct»i ZOOMS 



23 



Prions for physicians 



producing larger qttantities of PrP. Therefore, recombinant . PrP was 
purified and afterwards reconstituted by denaturing under harsh 
conditions (8 M urea or 5 M guanidinium hydrochloride), the disulphide 
bond was formed under oxidizing conditions, and than PrP was renatured 
by xiiaiysing out the denaturant". This strategy is now used for the 
purification of recombinant PrP in high amounts. 

Eukaryotic expression systems are of particular interest because they 
yield post-translationally modified PrP, Le. a PrP which is very similar or 
identical with PrP^. Many eukaryotic cell systems including those of yeast 
and manmials were tested for expression of PrP. Howevei; in most of these 
cases, difficulties occurred (unstable transfection, low levels of expression, 
insoliibihty of the protein, or difficulties in purifying PrP) and prevented 
those procedures becomiag standard. 

Finally, a transgenic mammalian cell system of Chinese hamster ovary 
{CHO) cells was established that generated PrP^ at high levels of expression 
(-'14-fold higher than in hamster brain). By this method, purified PrP^ in 
amoimts of 10-100 |Jgcan be prepared^^. Although this yield is still rather 
low in comparison to the yield of recombinant PrP purified from £. coli 
cells, purified PrP^ is now available in amounts sufficient for some 
biophysical studies. 

Chemical properties of Pri^ 

Purified prions, either in the form of *full-length' PrP^ or as PrP 27-30, 
are insoluble, even in mild detergents. In electron micrographs, fibrillar 
structures also called prion rods are visible (Fig. 1). After staining with 



Fig. 1 Prion rods. As 
obtained from a 
purification procedure 
including detergents 
and proteinase K- 
treatment. 
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SCkS^."" V "m'^ "yP^"^ fluorescence birefringence of 

amyloids". Smuiax structui:es were detect-ed in thin sections of the brafn 

iibriJs {b^) It should be noted that, in the brains of CJD or Kuru 
vicnms, PrP deposits can be deteaed as diffuse deposits. amyS 
fibres, condensed plaques, or florid plaques. . amyiowic 

The high tendency to aggregate correlates with a PrPS'-SDecific 
bW nf"»n ^«f^" «°o\^ith proteinase K. In Plate U, the Wmern 
blot of an SDS-gel electrophoresis of Prpc and PrP^ without and with 

Cr./ r^^''^'^^' ^^^P^^^)^' ^^PJ«ed. The characteristic three 
bands of PrP without, ^vith one and with two glycosyl groups) are 
v^ible; they disappear completely after proteinase! digJstSnTprl^ 
which results m small peptides. In the case of PrP^, howTve^ the bands 
^^^1 ^^^^ ^ J^dmiimshed in intensity aldiough shifted to lower 
^uT?r?77't^^ N-termmaUy truncated forms of PrP^^ 

?dl Wh' ; uf" a" "«^P^°«^ °f n. it can be seen that the 

" ^"l^y "^fectious and. indeed, it is also the product of the 

I'^^ruT ,f ^^V^ Furthermore.'^it should be 

noted that all presendy available routine tests for BSE and scrapie are 
Dased on the protemase K resistance of PrP 27-30 

The prion model might well be explained on the basis of 
conformational changes of die prion protein which are induced direcdy 

"^^^^^^^ phenomenon of prion strSs^ 

howevei; IS hard to explain in a ^ax mannen Akho^h different 
physicocEemical properties were found widi different prSn strains", 
these could not be attributed to different conformatioi^ of single PrP 
molecules bur only to die higUy aggregated and insoluble PrP. Even if 
the principal rephcation featujes of prions did not depend on nucleic 
aods. It . was argued that at kast the strain specificity might he 
determined by nucleic acid molecules". Many attempts had been 
undertaken to find nucleic acids, all without success, which did not 
prove, howeveii the absence of nucleic acids. One series of studies was 
arrarjed m a way that nucleic acids eidier would have been found or 
would be excluded as essential components to prion infectivity'^-" 
Using highly purified infectious material, the number of nucleic acid 
molecules urrespective of their chemical nature and strucfere but' 
depending on the.r size were determined quantitatively and related to 
the number of infectious units. For all nucleic acids larger dian about 80 
(m later work 50) nucleotides, less than one molecule of nucleic acid was 
determmed per infectious unit. Consequently, infectious units exist 
^ - the virus hypothesis was disproven finally 

with quantitative biophysical methods. • 
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1,4- and 1,6-links in the poly-glucose scaffold 



V %. \ \ 



Fig. 2 Schematic 
presentation of the 
polyglucose scaffold as 
found in prion rodS; 

The estimated 
molecular weight is 
above 200,000. 



! £^ ' . Ci^ !X ^ A- 



The lipophilic nature of highly purified prions suggested that liot only 
a glycolipid anchor is linked to PrP but, in addition, lipids might be 
associated non-covalently with PrP. A chemical analysis revealed specific 
lipids which amounted to around 1% of purified prions^^. These are 
sphingomyelin, a-hydroxy-cerebroside and cholesterol depending on the 
method of purification. Both lipids are known to be components of the 
outside of the <:eU membrane in caveoiae-like sites, where PrP^ also 
accumulates. It could not be 'shown that the lipids are essential for 
infectivity, but their presence in prions might indicate the origin of 
prions, namely the site of PirP^ accumulation on the outside of the cell 
membrane. 

Early experiments, in which prion rods were digested extensively with 
proteinase K, had shown that the rod-like structure. was maintained in 
electron micrographs even if PrP was digested by more than 99%-". This 
result had pointed to an additional structural component. It was 
identified much later as polymeric Sugar consisting of a-l,4-linked and 
1,4,6-branched polyglucose^^. Thus, this sugar component is clearly 
different from the glycosyl groups which are attached covalently to PrP. 
A schematic presentation is given in Figure 2. Since the polysaccharide 
amounted to up to 10% (w/w) of highly purified prions, it might be 
regarded as a structural scaffold contributing to the high chemical and 
physical stability of prions. 



Structure of PrP^ and PrP^ 

It has been indicated above that PrP^- and PrP^ are different in respect 
CO solubility, fibril formation, proteinase K resistance and other feanires- 
These differences could be either a consequence of ligands bound to one 



26 



Brftish Medkal Bulietin 2003,-66 



Biochemistry and structure of Prpc and Prps« 



Table 1 Secondary structure" of 1>rP in different isoforms 





a-hefix (%) 


P-sheet (%) 


Prpc 


43 ■ 




PrP»« 


20 


34 


PrP 27-30 


29 


31 



isoform but not to die other or a consequence of a different wcondary and 
tertary structure of PrPC and PzP^, respectively; First indications -for clear 
differences in the secondary structure came from spectroscopic 
measurements applying circular dichroism and infrared spectroscopy^^ 
From those measurements, a-helix .and -^-sheet contents could be 
determmed. The numbers given in Table 1 are not very accurate, since die 
analysis on PrF^ had to be carried out on insoluble samples; howeven 
diey show dearly that PrP^ is dominated by «-helices and has only little 
P-sheet content, whereas PtP^, i.e. 'full-length', or PrP 27-30 are 
characterized by similar amounts of «-helices and ^-sheets. 

Natural PrP^ could not be used to apply NMR spectroscopy or X-ray 
analysis for determination of the exact three-dimensional structure. The 
amount of material available was too simall, the samples were not 
sufficiently pure, and the concenttation was too low. Tliese tlvee hurdles 
were only overcome widi recombiriant PrP. In addition, secombinant PrP 
was synthesized in a form labelled with "N or "C. Even then it took 
several years before the groups of Wiithrich" and a little ^ater of James^^ 
analysed the structure of die C-terminal part of PrP, U. amino acids 
121-231. As shown in Plate ID for PrP of mouse and erf man", the 
structure consists of three a-belices (amino adds 144-154, 175-193' and 
200-219) and a small andparaUel ^-sheet <amino acids 128-131 and 
161-164). When die structure of *full-length' PrP {U. amino acids 
23-231) was analysed it was evident diat die C-terminal part amino 
aads 126-231) contained the complete globular part of the structure 
whereas die N-terminus {U: amino adds 23-125) was more or less 
flexible^^ Close to die small ^-sheet, die disulphide bridge connects 
heluc 2 and helix 3. The region between the g-sheet and helix 2 (amino 
acids 166-171) could be determined only with less accuracy possibly 
because of some strucniral flexibility. This ^gion, however, is of 
particular functional interest. Different lines of evidence such as 
antibody binding, transgenic animals with mutations in that region, 
binding of die hypodiedcal factor X, *«c. argue daat die species barrier 
might be localized in diat region. Furdiermore, die minor differences in 
the structure of mouse and hamster PrP on the one hand and of bovine^* 
and human PrP on the other ate restricted to that part of the molecule. 

It should be noted that the structure described above is die test 
descripnon of the PrPC structure presentiy available, but that it was 
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obtained from recdmbinanr PrP. The glycosyl-groups of PrP^ probably 
do not alter the structure significantly, but the fact that PrP^ is attached 
to the membrane by the glycolipid anchor might have more influence, 
particularly if one considers the structure of the N-terminus which was 
found unstructured when free in solution (see above). Furthermore, it is 
known that the N-terminus and, in particialaii the octarepeat of the N- 
terminus bind 4-6 copper ions in a co-operative maimer which definitely 
would induce more structure than presently known from the NMR 
analysis. 

The NMR-structure of PrP is a monomeric structure. Several reports 
in the literature indicate that PrP in its a-hehcal structure can form 
dimers under physiological or close to physiological conditions'*^. 
Dimers in solution show the intact intramolecular xiisulphide bridge. 
Consequendy, dimerization is not induced by oxidizing the diisxilphide 
bridge and reforming it in an intermolecular structure. The latter 
situation was, however;, found in a recent crystal structure of a dimer of 
PrP (120-231)^^; dimers were formed by domain swapping and 
intermolecular disulphide bridging. Whether this structure is a 
consequence of the long-time cryistallization, or might indicate a 
physiological state, caimot be stated at present. 

As mentioned above, PrP^ or PrP 27-30 are not accessible to structural 
analysis by NMR or X-ray analysis because of their insolubility. Attempts 
were made^^ to use the structure described above as a starting model, 
change a-helices into ^sheets and, in this way, develop a model for PrP^. 
These models assume that helix 2 and helix 3 are unchanged in 
accordance with antibody binding data, but they are incomplete in the 
sense that they are models for isolated molecules whereas PrP^ as well as 
PrP 27—30 were found only in aggregated forms. Thus, one has to assume 
that the PrP^ structure is stabilized by intermolecular interactions. 

A new approach was followed by Wille from Prusiner*s laboratory 
who was able to prepare two-dimensional crystalline-like arrays of 
PrP^- or PrP^-like moiecules^^. Those samples were studied by electron 
microscopy and, because of the crystalline-like arrangement, images 
could be reconstructed from the repetitive unit with fairly high 
resolution. A hexagonal symmetry was visible, but it could not be 
decided whether one unit is built from 3 or .6 molecules. The electron 
density map could be fitted best if, instead of ^sheets, a P-helix was 
assumed. The structxure of the P-helix type is known from other fibrillar 
proteins; spectroscopically, p-sheets and ^helices cannot be 
differentiated, so that the new model would not contradict earlier 
spectroscopic studies. The model is depicted in Plate IV. In summary, the 
P-helical N-terminus is located in the inner part of the hexagonal unit, 
with the helices 2 and 3 at the outer side and the glycosyl-groups 
pointing into the space between the hexagonal units. Most probably, the 
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model shown in Plate IV is nor the final description of die structure of 
PrP but It IS die best model currendy available and takes into account 
both electron microscopic and spectfoscopic data as well as die 
mtermoJecular stabilization of the PrP^ sttucture. 



Conformational transitions of PrP in vitro 

Structural and odier chemical and physical ^woperdes of Prpc gad Prps^ 
m the purified state have been described above. Prpc was characterized 
by a-behcal structure, solubility as a monomeric or dimeric molecule 
and procemase K sensitivity. Since no functional test for PrP^ is' 
available, it is more accurate to speak about a PrP^-like confomiation 
when the such properties are found. Similarly, for Prps«, a p-sheet-rich 
structure, insoluble aggregates, and proteinase K resistance are tvpkal 
but d»ese features are not sufficient for Pri*s«, because PiP^ stands for 
infcctivity and, presently, the re-estabUshment of infectivity has not been 
^'S'^r; I«-^exties of PrPSc as mentioned above are diose of 

a PrF«=-like molecule and do not infer infectivity. 

Confomiarional transitions might be either denaturation processes of 
PrP^ or PrP^ transitions between PrP^ and Prps* induced by varying 
solvent conditions, or induction of die PrPC to Prps- transition by an 
existing seed of PrP=^ <as described in detail-^lsewhere in diis volume) 

/ilr-,,.J*^'^S-**° ^'^.^^^ globular domain of recombinant PrP 
(1^1-231) by addition of up to 8 M urea was analyzed quantitatively by 
recording die ellipticity at 222 nm^*. One co-operative transition was 
obtained at pH 7.0 widi a free energy of -28.6 kj/mol for structure 
tormation. At pH 4.-0, an intennediate state could be identified with 
lowered a-helicity and increased g-sheet content; at present, itcannot be 
decided whcdier die intermediate would also -Be an intennediate <m die 
pathway to Prps=-like conformations. From die reversibility of die 
denaturation process, it was concluded diat the PrP^-like conformation 
IS tiie state of lowest free energy m buffer widiout detergent. This 
conclusion might be restricted, howevei; to the fra^ent PrP <121-231) 
Similar experiments, but also taking into account die mechanism of ce- 
^fo'^i.rc ^^"^ analysis, were carried out on recombinant PrP 
\-7~^ris ™ mouse which is the recombinant equivalent of PrP 
27-30 . In this fragment, P-sheet-rich oligomers and even fibrils were 
tormed at pH 3.6. However after switching from die fully denaturing 
conditions of 10 M urea to native conditions without urea, first the 
monomeric a-helical conformation and from that<in a very slow process 
of hours or even days) ^sheet oligomers and Bnally fibrils were formed. 
The pr«;ence of urea during die incubation speeded up -the formation of 
|J-sheet-nch conformation, and the presence of 5 M ur<a disecdy 
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induced formation^ of p-sheet-jcich oligomers without running through 
the a-helical state. Consequently, at acidic pH, folding of PrP to the a- 
helical state is under kinetic control and the thermodvnamically stable 
state is the P^sheet rich state. 

More close to the natural conditions of the PrP^ to PrP^ transition 
were experiments in which the PrP^-like, a-helical state was established 
first as it is in the non-infected organism^^. Then the transition to the 
PrP^-like conformation was induced by slightly, denaturing condi^ons, 
(e.g. 1 M guanidinium hydrochloride). Also, these experiments were 
carried out at acidic pH (4.0), and the conversion process could be 
induced by a wide variety of conditions combining mild denaturants and 
different salts. In accordance with renaturation experiments {see above), 
it was found that ^-sheet formation is always connected with 
aggregation and that the most stable state, at least at acidic pH, is the 0- 
sheet-rich aggregated state. An exception was shown under conditions 
reducing the disulphide bridge; it was reported that acidic and reducing' 
conditions could induce a ^-sheet-rich and monomeric istate^'. It is not 
known whether this finding is relevant to PrP^ to PrP^ conversion iii 
nature because the intramolecular disulphide bridge is present in both 
states and in all other conversion experiments the disulphide bridge was 
not opened transiently^^. 

TTie earhest studies on the in vitro conversion were carried out with 
natural PrP and at neutral pH^'. Infectious PrP 27-30 was converted to 
an a-helical, oligomeric and non-infectious form by addition of 0.3% 
sodiuim-dodecylsulphate (SDS). Further addition of 30% acetonitrile or 
mere dilution of SDS to . 0.01 %^^ re-established a ^-sheet-rich, 
aggregated and partially proteinase K-resistant conformation. Although 
natural PrP was used which was infectious before the conversion, 
infectivity could not be re-estabUshed. These experiments were closest to 
natural conditions if the low concentrations of SDS were regarded as a 
membrane-like environment. It was also shown that the conversion 
occurs in steps, first fast formation of ^-sheet structure concomitant 
with forming small oligomers, then larger oligomers in minutes to an 
hour, and finally large insoluble aggregates in hours to days. Applying 
the same conversion system to recombinant PrP (90-231), systematic 
studies of the influence of varying SDS concentrations were carried out 
and several intermediate states described (Fig. 3)^°. In 0.06-0.1% SDS, 
an a-helical dimer is present as a thermodynamicaily stable state which 
is converted in a co-operative manner in 0.04-0^6% SDS to a P-sheet- 
rich oligomeric state. As recently determined (Nagel-Steger et al, 
unpublished), the oligomeric state with 12-16 molecides is of particular 
interest for further biophysical studies since it is stable in solution. In 
low SDS concentrations (< 0.02% SDS), large insoluble aggregates (see" 
above) are formed which also remain stable after the SDS has been 
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Conclusions 



Fig. 3 Intermediates In the in wfcro -conversion of recombmant PrP-(90-231). 

washed out completely. In buffer widiout detergent at pH 7, the PrPC- 
like as well as the PrP^-like conformations can be -established, but the 
stable state is the PrP^-like conformation, and the conversion can be 
induced by different detergents, even in very low concentrations (see 
sdso Xiong et al^^). 



What is the conclusion from all the in W^ro conversion studies? 
Evidently, the thermodynamically stable state is the PrP^-like -state, and 
this would be true for lysosomal acidic pH t)r the eell-suiface neutral 
pH. A high activation barrier renders die transition very sfow {i^. hours, 
days or even weeks). Formation of the p-sheet-rich strumire is always 
correlated with oligomerization at lea^t if the naturally occurring 
disulphide bridge is intact. Whether ^sheet oligomers are intermediates 
on the pathway to ¥t?^ or a dead-end product is at present an artificial 
discussion because the PrP^^-like state as available is not infectious and 
. a final decision on the right pathway cannot be made. If the PrP^- 
conformation is not the thermodynamically stable state, but only 
metastable, the question remains why a transition to PrP^ does not 
occur much more frequendy in hatiire as a spontaneous tJ-ansition. It is, 
however, not a discrepancy if one takes into account that PrP^ is 
anchored in the lipid membrane, and all studies described were carried 
out in aqueous buffer. Consequently, as an additional transition of PrP<=, 
one has to include the distribution between the aqueous and the lipid 
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phase which would definitely, stabilize PrP^ in .natxire to prevent a 
spontaneous transition. 
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Protein Conformation and Diagnostic Tests: The 

Prion Protein 

Brian J. Bennton and Valbrib Daggett* 



Bacicground; Many clinical diagnostic tests depend on 
the accurate detection and quantification of proteins 
and peptides and their functions. Alterations of protein 
structure, and the resulting consequences on dynamics, 
can affect the outcome of laboratory tests. These changes 
can be a result of mutations, other in vivo factors, or 
even flie experimental conditions of the diagnostic test 
Approach: The relatioxiship between protein stractuic 
and dynamics and experimentally observable properties 
_used m di agnostic a s says a re discussed in light of 
temsmissible spongiform encephalopii hies, or prion 
diseases. 

Conteftb This review describes current efforts and pos- 
sible future directions of prion diagnostic development 
Recent advances in therapeutic development are also 
addressed. 

Stanauuy: The intent of tiie review is to highUght the 
role of protein dynamics and conformational change in 
protein-based diagnostics and treatments for prion 
disease. 

© 2O02 American Assodadon for Oiidcal Chemistty 

Protrfn Conformation and Dynamics in Protein-ba^d . 
Diagnostic Assays 

Most proteins assume a distinct three-dimensional struc- 
ture m vivo and in vitro, and this native structure is 
necessary for function. A protein's structure is deter- 
mined by its amino add sequence and the surrounding 
environment. There are various levels of structure: pri- 
mary structure refers to the amino acid sequence; second- 
ary structure refers to the fold of the peptide, Le., a-heU- 
ces, ^-strands, and turns; and tertiary structure describes - 
the titfee-dimensional structure and is determined by the 
packing of the secondary structural elements and the 
amano add side chains. As a protein or peptide unfolds, 
interactions are disrupted and bolii secondary and ter- 



Ii7i j2''^!!f T ^ folded and 

unfolded states of proteins are in equilibrium. Even under 
cortditions that favor the folded state, a protein is not 
locked mto a single conformation. The amino adds are 
ftee to mteract and move according to the forces placed on 
them by iidghboring atoms and the solvent, produdne 
SS)mSr^*^"^ that may differ only ve^r sllghtty 

Protein motion occurs on a wide spectrum wiih respect 
,to fanie. Bond vibration and raatiQOS,occur.arLaAmto-- 
second timescale (lO"" s), whereas amino add side 
* picosecond to nanosecond timescale 
UU -10 s). SmaU segments of the peptide backbone 
can reposition themselves in a matter of nanoseconds to 
microseconds (lO-MO"* s). The anrangement of suiface 
ammo adds can be affected by sudi dynamic behavior. 
Sudi changes in the surface of a protein can alter potential 
bmding sites for other molecules. Complete folding of a 
protem can occur in microseconds to milliseconds or 
hours, depending on the sequence and solvent environ- 
maxt. Furthermore, proteins and peptides can adopt 
^ffer^t, folded stinictures under different conditions 
a-3). Even sUght changes in binding epitopes attributable 
to eitiier localized or more dramatic conformational 
Changes of a protein can have profound effects on anti- 
body-based diagnostic tests. This issue is particularly 
pertinent and potentiaUy problematic in tiie case of the 
development of diagnostic tests for transmissible spongi- 
form encephalppathies, or prion diseases. 

Confonnational Change and Disease; T^nsmissible 
Spongifomi Encephalopathies 

There is currentiy much interest in transmissible spongi- 
form encephalopatities CTSEs)* because of outbreaks of 
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bovine spongiform encephalopathy (BSE, or mad cow- 
disease) in the United Kingdom and elsewhere (4, 5). BSE 
began to receive a great deal of media attention in the mid 
to late 1990s when massive herd ctills occurred in Great 
Britain and the incidence of Creutzfeldt-Jakob disease 
(CJD) increased ' dramatically among young people 
(4, 6, 7 J. Recent reports of chronic wasting disease (CWD) 
in elk and deer from the Western United States and 
Canada, as well as scrapie in sheep in the Northeast, 
continue to keep TSEs in the news headlines and a 
priority among government agencies (8, 9). 

Prion diseases affect the central riervous system and 
are a result of a conformational change in the prion 
proteiiv often leading to prion protein-based, plaques. In 
humans, these diseases can be sporadic, inherited, or 
infectious disorders. This protein is responsible for the 
following diseases in humans: Kuru, Gerstmann-Straus- 
sler-Scheinker disease (GSS), fatal familial insomnia (FFI), 
CJD, and the BSE-linked, variant qjD (vCJD). These 
diseases are always fatal. Inherited disease maps exclu- 
sively to mutations in the prion protein. The infectious 
nature of this disease differs from that of other infectioxis 
diseases in that the pathogen is a proteinaceous particle 
lacking nucleic adds; thus, the "protein-only" hypothesis 
was proposed f5;. 

The essential component of prions is the scrapie prion 
protein (PrP^-; or PrP^, for tine protease-resistant form). 
PrP* -OS chemically indistinguishable from the normal, 
cellular prion protein (PrP^; or PrP*"', as it is sensitive to 
proteases) (10); however, their secondary and tertiary 
structures differ (11-17), PrP^ is a monomelic, glycosy- 
lated, glycosylphosphatidylinositol (GPI)-linked extracel- 
lular protein that appears to play a role in signal trans- 
duction (18) and/or in tiie maintenance of the proper 
copper ion concentration (IS^-Zl), In contrast, PrP^ 
adopts an oligomeric arrangement and has no known 
function, Fourier transform infrared (FTIR) and circular 
dichroism spectroscopy studies indicate that PrP^ is 
highly heUcal (42%) with Uttie i3-sheet structure (3%) (15). 
In contrast, PrP^ contains less helical structure (30%) and 
a large amount of /3-struchire (43%). PrP^ can be con- 
v^tei to the lethal PrP^ conformation on contact witii 
PrP^ C22-24;. These resets, and others, suggest that a 
conversion of a-heHces to ^sheets is a critical feature in 
the formation of PrP^ from PrP^ and that tiie protein can 
aid in its own conversion (24). Several mechanisms have 
been proposed for the spontaneous and/or assisted con- 
version of endogenous PrP^ to PrP^ (24). Residues in 
close proximity to the C-teiminal end of PrP^ have been 
associated with PrP^*= binding, which is subsequently 
foUowed by conversion of PrP^ (25). A confounding 
factor in conversion is that FrP^ is conformationaUy 
heterogeneous, which appears to b$ important in deter- 
mining strain differences and perhaps species barriers 
(23, 26-28), Unfortunately, high-resolution structxires ex- 
ist only for portions of PrP^ (Fig. 1). There are many other 
fascinating aspects of this system, but Tonfortunately they 




Rg. 1. Model of the soluble prion protein. 

M^^Tr. "^^i ^ NMR structure (79) modeled with carbofw^ 

of„^ T I. ' ^"^^ omngQ), and the GPhnembrane anchor (mv) Secaridln^ 
1^^.^ dlsP^ed as ribbons: heflx A {HA: msldues 144lil^^^^^^ 
ft^^nJ cfl ^7J-^93: grean), helix C {HC; residues 200^^: 



cannot be described here; the reader is directed to an 
SSrf29r^ °^ "^"^ ^ ^' Cau^ for more 
Given the lack of detailed strurtural information re- 
garding tte conversion process of the prion protein as 
weU as PrP* and its many possible conformers, we have 
been performing molecular dynamics simulations, bejrfn- 
rung with PrPS in which we destabilize the protein bv 
lowering the pH (21, 30, 32 ; as is believed to ocoir in vivo. 
Such an approach can provide atomic-resolution infonna- 
tion about the putative conversion process as weU as 
possible PrI* models. However, these models must be 
carefuUy compared with experimental data to ensure that 
they are realistic. In any case, to illustrate some of the 
complexities involved in the conversion of PrP and in 
developing diagnostics for PrP^, we provide some of 
these preliminary models for ?tS^. along wilh nuclear 
magnetic resonance (NMR)-derived models for PrP<=, in 
Fig. 2. Structures for the hamster, bovine, and human 
torms of the prion protein are shown in the cellular and 
putative disease-causing conformations, illustrating how 
the same amino add sequence can adopt different confor- 
mations. Several antigenic sites for PrpC are highlighted 
(Fig 2 and Table 1), as these are the sites exploited in the . - 
antibody-based diagnostics described below. In extreme 
©camples such as these, the surface of ttie protein can 
change dramatically so that epitopes found in PrP^ are 
unavailable for binding in PrP?'. For example, the 3F4 
epitope (red patch on tiie stinctures in Fig. 2) is less 
accessible in the simulated PrP== form, which is consistent 
with experimental findings (32). 
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Fig. 2. Snapshots frgm molecular dynamics simulations of the hamster, bovine and hi.m«n nw^^ ^* - • 

representations.beforemoleculardyhamicsslmulationswer8Started(W^^^ ""^Tf, space-filling 

ffbbans. Ejects of protein dynamics on the epitopes for D18. 6H4 and 3F4 are shmm in ^® becJ^und with secondary stnicttirs displayed as 

ttie spacefilling models of P>P^ were rotated $0 deVee^mthr^^^ ^"""^^ ^ ^""^ representations. In edition, 

b/i/e: 6H4 (residues 144-152). ™nd 3F4 '^'^^ ^'^^^ ™ ^ ^"ows: 018 (residues 132^156). i,/ue anS 



Table 1. Antibody detection of PrP: Epitopes, conformation 
reeoghizsd, and current or proposed applications," 

c. Conformation DIagnostIp Therapeutic 

Antibody Epitope, residues recognlied agent agint 

109-112 prP^ 

D13* 95-103 PrP<= X'= 

QHA** 144-152 PrP«* + PrP^ X* 

DIS^ 132-156 Prpc X*^ 

• Current infomiation about diagnostics and therapeutics development can be 
found at htftt://www.prlondata.org/. 

* Data from Peretz et al. (32). Also note that both 3F4 and D13 can recognize 
denaitured PrP®". ' ^ 

^Data from Pereu et al. (75). 

Data from Korth et aL (78), 
• -Prionlcs Check* by Prlonics AG (http://www.prlonigs.ch/). 

oata from Williamson et al. (76), 



Rationale for Development of Diagnostics for the Prion 
Protein 

The protein-oiUy hypothesis is important from a scientific 
point of view because it challenges the dogma regarding 
the transfer of biological infonnation. From a piibHc 
health point of view, a new route of disease transmission 
exists, and the ramifications are potentially enormous. 
Important sectors of the economy, are susceptible . to 
problems posed by transmissible prion diseases, with 
agriculhire being one of the most vulnerable for several 
reasons. The first reason is the possibility of contamina^ 
Hon of the food supply; the second reason is that the 
resulting loss incurred by agricultural producers when 
infection is discovered and eradicated can be enormous. 
Contammation of the food supply can occur in various 
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ways, with transmission by meat products being only one 
possible route. Animal-based food supplements are found 
throughout the processed food and health supplements 
. mdustries (33). Cosmetics may also contain oils, fats, or 
other rendered animal products (34). Furliiermore, tradi- 
hcmai medicmes made from animal parts pose a risk (35 ) 
Individuals infected by ingesting contaminated food pose 
a nsk to blood suppKes and tissue banks. The American 
Red Cross and US Food and Drug Administration (FDA) 
have acknowledged this particular risk recently, and they 
have estebUshed guidelines to restrict possible contami- 
nation (36). Other sources of potential infection include 

phaimaceutkals that rely on animal remains, either in the 
manufachiring process or in the final product The phar-' 
maceutical industry was warned recently by the US FDA 
to restrict the use of animal-derived materials in flie 
production of vacdnes and other therapeutics (37). Sev- 
eral recent shidies have shown the great difficulties in 
estamatmg the fuhue risk of infection in humans and 
animals, furflier necessitating the development and wide- 
spread use of sensitive, reUable, and inexpensive TSE 
detection methods (38-42). 

Rapid, specific, ultrasensitive, robust, and noninvasive 
diagnostic tools are desired for the prevention of trans- 
mission of prion diseases. These diagnostics are needed, 
espeaaUy in areas at high risk of transmission to large 
numbers, such as catfle herds and human patients reliant 
on chronic ttierapy regimens that include animal or even 
numan-derived pharmaceuticals. Until recently, the onlv 
definihve diagnosis of BSE was by autopsy. Prion dete«?. 
tion with the new antibody-based assays is now relatively 
rapid (8-24 h) (42) compared with past tests, which were 
long-term projects (>260 days for mouse infectivity as- 
says). However, brain tissue samples are still required for 
these faster assays. Tonsil biopsies have been proposed as 
a less mvasive alternative to brain biopsies (43), and a 
patent appUcation has been ffled. In addition, the detec- 
tion of surrogate proteins (tau, 14-3-3, SlOO, and neuron- 
^ofic enolase) in cerebrospinal fluid has been proposed 
(4*;. These studies are promising, but an invasive lumbar 
pi^re is required. Other methods for determining 
^ central nervous system tissues include fluores- 
cence correlation spectroscopy (45) and FHR spectros- 
copy (46). The fluorescence correlation spectroscopy 
method has been shown to have 100% spedfidty and a 
sensitivtty 20 times that of current Western blot tech- 
mques. Kneipp et al. (45) have shown that disease-specific 
changes m several parts of the brain can be detected by 
mR microspectroscopy. This method does not rely com- 
pletely on the presence of PrP^ for detection but rather 
moiutors the change in infrared absorbances in carbohy- 
drates and lipids. Data for other tissues and double-blind 
studies have not been published. 

No absolute lethal prion dose or Incubation time has 
been determined for cattle or humans (38,39), which 
places rigorous requirements on diagnostic sensitivity. 
Lack of specificity could allow real infections to proceed 



undetected (false-negative results), whereas false-positive 
outomies could lead to unnecessary expense and dis- 
rupted hves. An example of the havoc created by a 
false-positive result was experienced by a patient at our 
institution who was diagnosed with an extremely aggres- 
(gestational ttcphoblastic himors) 
A M "^gliosis was apparentiy based on tiie AxSYM 
^Human Chorionic Gonadotixspin test manufartured by 
Abbott Laboratories. Unnecessary chemotherapy sessions' 
^d surgeries were petfonned as a result of a diagnostic 
test that purportedly gave a false-positive result 44 times, 
iughhghtmg the general need for multiple diagnostic tests 
for a particular condition. Ethical questions aside, several 

SSSa^'^ ^"^"^ '^'^^ 

Standard immunometric diagnostics rely on binding 
events predicated on the target protein adopting a singli 
conformation. However, in the case of infectioiL prions, 
mT/cTr^^ to adopt a variety of conformations 
JZZL ^J'*'^^^ requiring separate antibodies for 
aetecfaon. The sensitivity must be such that it is possible 
to detect prion protein in body tissues more accessible 
man the cental nervous system (e.g., blood and urine). 
H^ever, it ,s not known whether afl conformations of 
cause disease (16). Here we review several diagnos- 
tic assays in use or in devetopment for prion diseases; we 
ateo examine emerging technologies diat address some of 
S!*'?!!^^^""*^ Although diagnostic tests 

mat detect tfie infectious form of the protein- before the 
onset of clinical symptoms are of parambunt importance 
for the detection and disposal of canfaminated material, 
correct diagnosis of prion diseases is important, even after 
ctaical signs appear, to provide appropriate treatment 
when such agents become available, especially because 
flf^ii^^ misdiagnosed.as Alzheimer disease 

Therefore, in addition to discussing potential diag- 
nostic tests, we also briefly summarize recent shidi^ 
focusmg on the development of therapeutic agents 
against prion diseases. ^ 

Diagnostic Tests in Use and under Development for tiie 
Prion Protein 

PROCEDURES USING BRAIN TISSUE 
In July 1999, ihe European Commission requested an 
evaluation of four promising prion diagnostic assays. 
These four candidates were selected from a total of 30 
appbcafaons. Each assay was tested under double-blind 
conditions in fow categories: specificity, sensitivity, limit 
of detection, and reproducibility. A brief description of 
each assay (42) is given below: • P on or 



Test A: Diagnostic by E.G. & G Wallace Ltd. This test is 
under development and uses a hvo-site noncompetitive 
immuxiometaic procedure with two different monoclonal 
antibodies. A small sample of brainstem (100 mg) is taken 
from the animal, cell membranes are- disrupted, and 
protems are exti^cted by use of a chaotropic agent 
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Extracts are ti\en digested with two different concentra- 
tions of proteinase K, and the arxalyte is concentrated by 
oentrifugation. After resuspension in 6 mol/L guani- 
dimum hydrochloride, the extract is diluted 1:50 and " 
si^ected to a time-resolved fluorescence immunoassay, 
DEIJIA, for detection of PrP^* (specifics regarding the 
antibodies used and their respective PrP epitopes were 
not provided). In its current state of development, the test 
requires <24 h, although this could be reduced with 
automation. 

Test B: Diagnostic by PHonics AG. Tiionics Check" is an 
unmimoblotting. test based on a Western blotting proce- 
dure for the detection of PrP*= that uses the 6H4 mouse- 
d^voi monoclonal antibody (epitope, human residues 
144-152; recognition sequence, DYEDRYYKE; Table 1 and 
Fig. 2). The test procedure can be summarized briefly as 
follows: A piece of brain stem or cervical spinal cord 
(typically 0.5 g of tissue) is homogenized in a plastic 
sm^use container. The homogenate is then digested 
with proteinase K, boiled in sodium dodecyl sulfate 
sample buffer, and loaded on a sodium dodecyl sulfate- 
polyaaylamide geL After electrophoiBtic separation, pro- 
teins are transferred to a membrane, and PrP** is detected 
wth the antibody coupled to a chemiluminescent marker, 
me mmunum time to complete the test is 7-8 h. 

Tfis* C; Diagnostic by Enjer Scientific UtL (Proiherics). The 
Enfer test is a novel, high-throughput chemiluminescent 
EUSA ttiat tan be completed in <4 h; it uses a polyclonal 
anfa-PrP antibody (no specific information regarding the 
anfabody was provided) for detection. The test itself 
mdudes a rapid sample extraction procedure, coupled to 
a simple EUSA technique. For . detection, a polyclonal 
prmMiy antibody and a horseradish peroxidase-conju- 
gated secondary antibody are used with an enhanced 
cnemuummescent reagent 



Test D: Diagnostic by CEA-Bio-Rad. The CEA-Bio-Rad test; 
onginally developed by the Commissariat a I'Energie 
Atomique, is a sandwich immunoassay for PrP*= carried 
out after denahiration and concentration steps. Two 
monodonal antibodies are used (details regarding the 
antibodies are not avaUable). In its current state of devel- 
opment, the test takes <24 h to complete; this could be 
reduced with automation. 

Sumimry of test results. Each of the previous assays was 
tested under double-blind conditions in four categories- 
Mf f ■r^°*5'' s^itivity, limits of detection, and reproduc-. 
ibility. Results reported to the European Commission are 
surnmanzed in Table 2. The Bio-Rad product (Test D) 
performed weU. Subsequent studies using a commercial 
tonrn of the BioRad assay have been conducted with 
simjJw results (49). As stated previously, Aese tests are 
used for deceased cattle. The European Commission has 
started evaluating another set of "rapid" postmortem 
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70 
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Table 2. Te$t results of PrP diagnostic tests from the 
European Commission.' 

Tost Tost C*» Test P*' 

100 100 100 

100 - 100 lOC 

. 6/6 6/6 6/6 

15/20 20/20 20/20 

0/20 20/20 20/20 

0/20 20/20 
18/20 
1/20 
0/20 

thJ ^""^ ^^^^"^ ®" ^"''"^ NO analysis of 

d1 quamiflcatlon and tissue location was laported. 

Data fnm Valleren at ai. (43), 

" http:/Aiww4)rlenles.eh/. 
'http://www.pretheffes.cbm/. 
" l«tp://wwwJiiafa(l.ooni/. 

diagnostics, with field trials imminent (50). No conuner- 
ciaDy available human test exists at tius time. 

DETECTION OF PRION PROTEIN IN rERlPHERAL TJSSXJES 

Prog^ has been made recently in detecting prion pro- 
tem from peripheral tissues as well as increasing the 
sensitivity of the current assays. In addition, s^eral 
studies have reported progress in methods to increase the ' 
concentration of prion protein to enhance sensitivity. We 
report on four of these areas below. 



Deieehon of prion protein in blood. RNA aptamer technology 
hM been proposed as a diagnostic tool (51) and as a 
method to disinfect donated blood (52. 53). Patent appU- 
cations have been filed for this technology (52, 54) witih at 
least one company, VJ. Technologies (Watertown, MA), 
Mhdly promoting their blood disinfectant abiUties (53 ). In 
the shidy by Wdss et at (51 ), two RNA aptamets highly 
specific for were generated. RNA oUgomers ttiat 
recognized PrP^^ contained four sets of three-guanine base 
repeats that formed a "G quartet scaffold". The RNA 
bmdmg site mapped to the NH^ terminus of PrP<^ (resi- 
aues 23-52). In studies with scrapie-infected brain ho- 
wu^'^r,^^ ^^"^"^ KNA aptamers. 
^^^^^^u ^ff ^ ^ « P«*«^* appUcation 

for a blood-based diagnostic (53), no fiirther studies have 
been published addressing this use. V.L Technologies use 
proprietary nucleotide aptamers licensed torn WilHam 
1* University in their blood disinfectant 

protocol. Like the. Weiss study, the aptamers in the-VI 
protocol have an affinity for PrP«7 however, the VI* 
^SSest that aptamer-dependent clearance 
IS possible, although few data have been pub- 
lished to support this asserHon (53;. 

Schmerr et al. (55) are also working on a prion diag- 
nostic protocol that uses readily accessible blo^ sampl^. 
ihe method, which uses capillary electrophoresis and 
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fluorescently labeled markers, has detected very smaU 
amounts of FiF^ in blood from sheep and elk. A peptide 
consisting of residues 218-232 was labeled with fluores- 
am at its NHz tentiinus during syndesis. Antibodies to 
this peptide were raised in rabbits and isolated by affinitv 
chromatography. These anta>odies also reacted against 
sarapte-infected brain samples. In control studies, capil- 
lary electrophoresis led to two fluorescence peaks, one for 
me free peptide and another for the peptide-antibody- 
pnon complex. A positive result for scrapie is indicated 
by a dramatic reduction in the free peptide peak and a 
corresponding increase in the immunocomplex peak. In- 
fected and healthy sheep and elk were tested aT several 
tune mtervals. In one case, an elk in the wild tested 
negative m the first screen and then was found to be 
positive for CWD several months Uter, before the onset of 
clmical symptoms. « oi 

The sensitivity of this diagnostic technique was tre- 
m^dous; only 50 amol/L (10"" mol/L) fluorescent 
inarker wm used. However, the extraction of prion pro- 
tein from the blood samples was not detaUed for "propri- 
,5^ons- PrP^ concentration enhancement is di- 
rectly linked to the extraction procedure; iherefore, it is 
not dear what effect the exfraction step had on the 
detecfacm of fte peptide-antibody-prion complex peak. 
Speafiaty was not addressed expHdtly in this stud5^ nor 
wfflemununocomplex affinity data reported. Because the 
^^^^ °^ differences, nonspe- 

cific bmding may contribute to the results. Double-blfrid 
studies usmg this method have not been reported. An- 
other ojnfounding element is the use of fetal bovine 
saum m the assay, which could be contaminated. This 
method IS promising because it uses only very smaU 
quantities of material and each assay can be completed in 
^« "^^i However, a recent report by BroVm et aL 
f55; describes their difficulties in reproductog the results 
of SdunerretaL (55; 

Detection of prion protein in urine. The first potential prion 

*f ^^P^^^ described recently by 

Shaked et al. (57). The protocol relies on the prion protein 
bemg small enough to be filtered by the kidneys, such that 
itis concenfrated several hundred times over its concen- 
tobon m blood. Dialysis was also perfonned during 
punficabon, which appeared to increase sensitivity, al- 
r.tiS' aT""! ^^S ^ serial dilutions was not re- 
ported. Although not double^lind, the protocol did show 
some speafidty and aU controls were correctly identified. 
A larger, double-blind shidy that indudes serial dilutions 
.^.v!!^ ""^t^^ specifidty, sensitivity, and reproduc- 
ibility. The purification portion of the protocol was not 
dependent on prion strain per se, but the quantification 
depended on the conformation of the prion protein 
through use of the 3F4 murine^erived hamster antibody 
(epitope, hamster sequence residues 109-112; recognition 
sequence, MKHM; Fig. 2 and Table 1) and 6H4 (e^Tope, 
huntan sequence residues 144-152; recognition sequence. 



the fact that the bmdmg epitope is the same in the hamster 

SchT,^ °^ *««sters with 

^^d vmne pnon protein (denoted by the authors as 

Pnon pnjton was observed in urine from animals near 
.?ZjSu '^^'^^y' apparendy healthy UPrpS»- 
^fertedhamst^ was saaificed at 120 days after infection, 
Z T. in the brain of this animaL Howeve? 

d^v? pubUcation (>270 

result of a subdimcal prion infection. No double^lind 
studies were reported. 

^trichrrmt of prion protein in biological samples. Because it is 
theoreticaUy possible that a small number of PrP* mo'- 
cules can cause infection, highly sensithre assays b 
necessary Intiiis regard, Saborio et aL (58) rSnl; 
d^oped a PCR-Iike prion-protein amplification mS^ 
mat mi^t serve as a front end to the various tes'. 
described above. In this study, potentially infectious brai 

^"^^^f^*^ priori-free brain ma- 

ter, and me conversion process was allowed to proceed, r 
ongmally pkmeered by Caughey-s group (16). Becaui 
ttw craversion tends to be ineffident and the newl 
inverted protein is often hidden in the background i 
me assay, Saborio et aL (58) introduced a cvdiS: protoo 
involvmg incubation and sonication. After the initi 
mcubahorv the sample is sonicated to break up me newi 
l'^'^ aggregate and more normal brain matter 1 
added. Five cycles of incubation/sonication produce. 

addressed sensitivity h 
serial dilutionstudies. Although the evidence is impres- 
sive, with Prps= detection at >10000^1d dilution,^^! 
^^fTj^* hampered by low-resohition immunoblotting 
CHte.thati (^ntrols double4,lind studies were not re- 
ported. Tlie throughput is limited by me time of each 
«ycle, cumntly reported to be 1 h. However, the trade-off 
m cyde hme may be balanced by increased sensitivity 
The protocol, as published, appears to. be independent '.u 
E.Tn^f^J'"*.*^^ ="eS^t that th£ protocol 

fr<2.Si,T^ "^^.f^ '^P^^ '° ampUfied^are not 
from brain tissue. Additionally, they note th^t a catalyst in 

required for proper PrP- 



Drfechon of prum disease by altered gene expression. It is 
wr!^ ^"'"^f diagnostics for prion diseases 

TrSit ^^Vf"^*^'*^ to detect PrP=«. However, other 
organs and hssues may be affected during TSE infection 
l^oL «°"f^* °^ symptoms. For example, me 

lymphoreticular system, and the spleen in particular has 
nu^rS'l*^ ^ pamolojpf TSEs^5S;. SrTe! 
quently, Mxele et aL (59) investigated altered gene expres- 
sion m spleens from prion-infected mice by differential- 
display reverse transcription-PCR. In so doing, mey 
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identified a 0,5-kb gene corresponding to the erythroid 
differentiation-related factor (EDRF) from 10 000 tran- 
scripts* EDRF expression was reduced in prionrinfected 
mice compared with control animals. EDRF is expressed 
in spleen^ bone marrow, and blood in several lines of mice 
(59). However, EDRF is expressed only in blood and bone 
marrow in healthy sheep, cattle, and humans. EDRF 
expression decreases 20% by 40 days postinfectian in 
mice, and it is <10% at the final stage of the disease (162 
days postinfection). Studies with TSE-infected sheep and 
cattle also show a decrease in EDRF expression in both- 
blood and bone marrow. The authors demonstrated that 
erythroid cells are solely responsible for tiie expression of 
EDRF, but it is not clear why infection causes a decrease 
in the expression of this protein. 

In light of this method being a potential diagnostic tool, 
several issues should be addressed. One issue is that 
sensitivity was shown qualitatively by comparing EDRF 
lit TSB-infected animals and controls. Although a sxibstan- 
tial decrease in EDRF expression was seen 40 days postin- 
fection> clinical symptoms seemed to be present at this 
time point as well. More precise data are needed earlier in 
the course of the disease. Time course data were not 
presented for other animals or for humans, which have 
longer incubation periods. Application of this method as 
a diagnostic tool depends on observing down-regulation 
of EDRF expression before the onset of clinical symptoms. 
Nonetheless, a nice feature of tiiis protocol is tfiat it could 
potentially drcmnVent tiie problems associated with mul- 
tiple conformations of PrP^ and tiie possible need for 
PrP** conformation-specific probes, 

DEVELOPMENT OF PRION THERAPEUTICS 

As research progresses on the cause, transmission, and 
detecticMi of TSEs, studies focusing on treatment and 
prevention are appearing in greater numbers. Promising 
smaU-molecule-based treatments have been described in 
the last several years, primarily from the research groups 
of Caughey and Prusiner, As early as 1992, Congo red and 
various su^onated glycans were shown to inhibit forma- 
tion of FtF^ (60, 61 ), Protection was obtained if these and 
other, more toxic drug classes [polyene antibiotics and 
anthracycline (62)] were administered very near to the 
actiial time of infection. Caughey's group (62, 63) also 
examined other, less toxic, actively transported com- 
poLmds containing derivatized porphyrins and phthalo- 
cyajiines, with IC50 values in the range of 0.5-1 /unol/L. 

In addition, Prusiner's group (64) have explored the . 
use of branched polyamines for the treatment of TSEs 
with some success, as well as the syntitesis of molecules to 
mimic PrP regions containing mutations tiiat prevent the 
pn>posed binding of protein X (65). Caughe/s group 
described lysosomotropic and cysteine protease inhibitor 
compounds that inhibit PrP^ accumulation in cell cul- 
tures (66). CJD therapy using flupirtine, which blocks 
apoptosis induced by PrP^^ has been reported (67, 68) 
More recently, Kortii et (69) have shown that two 



FDA-approyed drugs, quinacrine and chlorpromazine, 
inhibit PrP^ fonnation in ceUular assays. At least one 
study has linked tixe protective effects of quinacrine to 
mhibition of 5-Upooxygenase and reduction of neurotox- 
icity m cells inoculated witti PrP106-126 (70). The main 
difference between these two compounds and otiier isos- 
tenc molecules is, for example, the rotational freedom of 
the aliphatic chain in chlorpromazine vs the fixed config- 
uration of chlorprothixen. Consequentiy, further researdi 
into the role of the aliphatic chain in prohibiting prion 
conversion. appears, to be warranted. Given tiiat tiiese 
drup are already approved and side-effect profiles are 
weU documented, Korth et al. (69) advocate the use of 
these compounds in-individuals-cuirenfly suffering from 
pnon diseases. In a preliminary trial witii quinacrine at 
the University of Califomia-San Frandsco, tiie progres- 
sion of QD was slowed, at least in one of two QD- 
afflicted volunteers (71). Unfortunately, botii patients 
subsequentiy died, but tiie disease had already pro- 
gressed very far when treatment began. The death of one 
patient may have been linked to ti\e high doses of 
quinacnne titat were administered (72). Larger trials 
involving quinacrine are currentiy being pursued in die 
Umted Kingdom (71 ) and at the University of California- 
San Francisco. Korth et aL (69) also suggest that quina- 
crme should be used in animals to treat and possibly halt 
transmission in contaminated herds, iherehy hopefully 
removing tiie need for massive herd culls to contain 
outbreaks of the disease 

Otiaer possible therapeutic interventions targeting dif- 
patiiways in prion infection have been reviewed 
(73) One promising postexposure treatment involves 
blockade of lymphotoxin jS-receptor (LTBR) in ti\e lym- 
phoreticular system. A recent study by Oldstone et aL f74 J 
has reported on the lack of prion infection in LTBR 
knockout mice tiiat were fed PvP^. Progression of prion 
mf ection occurred more rapidly in lymphotoxin a-recep- 
tor-nuU mice, and suppression of fofficular dendritic ceUs 
and CDllc(+) did nothing to alter the kinetics of neuro- 
invasion of prions. The autitors propose that LTBR block* 
ade IS a viable intervention and should be pursued (74), 
Both the Caughey and Prusiner research groups are 
p iS^?^^^.^ peptide- and protein-based inhibition of 
PrF^-PrP**" binding. Following up on their previous stud- 
ies, Caughe/s group has shown that peptide fragments 
from the C^terminal portion of the Syrian hamster PrP^ 
protem inhibit PrP^ binding and consequentiy conver- 
sion of endogenous PrP^ to tiie protease-resistant form 
(25). Two peptides (residues 166-179 and 200^223) in 
particular show promise. Data from ceU-free conversion- - 
assays indicate that complete inhibition of conversion is 
obtamed at a peptide concentration of 50 jLtmol/L, with 
ICso values of 10-15 /miol/L Random mutations to these 
peptides severely reduce their abiHty to inhibit conver- 
sion. Inhibition occurs when the peptides adopt j3-sheet 
stinicture. The sensitivity of this method was addressed in 
several experiments involving many peptides. Encourage 
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ingly, their data show complete inhibition of PrP'^-^PrP* 
conversion for several of the peptides. 

One of the latest advances in the possible treatment of 
pnon diseases with protein-based molectdes involves 
antibody-based inhibition of prion propagation with 
clearance of infectivity (75). Several antibodies that bind 
to a vanety of epitopes on PrP<= were investigated, and 
in particular, 013 and D18, displayed dose^lepeti- 
dent dearance of PrP^ with IC50 values of 12 and 9 
nmol/L, respectively (32, 75-77). Experiments were also 
conducted to determine whether infectious prion protein 
reappeared when the antibodies were removed. The D18 
antibody (Hg. 2 and Table 1) effectively prevented re- 
emergence of PrpS<= when cells were first grown in anti- 
body culture for at least 2 weeks before the antibody was 
removed from the medium. The antibody concentration 
used in these stadies was 10 mg/L, and the IC50 for D18 
was 0.45 mg/L The authors propose &at the antibody 

2fr1 *^ » 1^^* P^°" P^'otsi^ before the binding of 
template PrP* or other unknown factors. Animal studies 
were aWconducted in which mice were inoculated with 
mouse SdM2a cells treated with various antibodies. Those 
aniinals that received D18 (binds residues 132-156), D13 

°' ^ ^^'^ residues 225-231 
and ^-37) antibodies were free from disease after 265 
days (75;. Because the antibodies bind to PrP<=, the strain 
issue should not be a concern; however, antibody-related 
loss of native PrP= function may be an issue if long-term 
ttierapy is necessary. 



Conclusions 

Protein motion can have profound effects on protein- 

^P^^^y antibody-epitopi recog. 
nitLon. For the prion protein, the same amino add se- 
quence can produce different folded structures, whid^ can 
oir^ new epitopes. This phenomenon contrib- 

utes to the already difficult and critically important task of 
detectmg pnons in TSEs such as BSE and QD 

Fortunately, progress has been made in the last 2 years 
m the field of TSE detection in animals. Current Msays 
provide faxrly sensitive and specific results in <24 h (d) 
whidi represents a substantial improvement over the 
previous biological assays (>260 days). However, major 
Umitmg factors to these commercial diagnostics indude 
dependence on brain samples from deceased animals as 

wfi^f, ^«^«^«y ^ spedfidty. Furthennore, 

we Still lack a commercial test for TSEs in humans. 

«„rJ!!S^uP''Ti"^S tedmologies have recently been 
reported that deal with improved TSE detection in ani- 
mais and proposed diagnostics for humans. Tissue sam- 
nll«!*ir/^^.^ important for a mainstream diag- 
nostic tool, and in this regard, the blood and urine assays 
t^o\<x great promise. Sensitivity is crucial for catching 
presymptomatic cases of TSE disease; methods for ampli- 
fication and eiu<idunent of infectious prion protein i^y 
be very useiiil to adiieve this goal. Advances in analytical 
methods wiU also contiibute greatly to devdopmortt of 



sensitive diagnostics. In addition, there are several prom- 
^11 ^^P^**^ bdng explored that iiTvolve 

smaU molecules, peptides, and proteins. 
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